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Greenhouse  experiments  were  conducted  to  study  the  effects  of 

adding  nonindigenous  mycorrhizal  fungi  as  chlamydospores  at  time  of 

planting,  on  growth  of  corn  in  an  untreated,  P-deficient  soil 

containing  indigenous  vesicular-arbuscular  mycorrhizal  fungi  (VAMF). 

The  relative  abundance  of  the  indigenous  VAMF  was  in  the  order  of 

Giqaspora  calospora  >Acaulospora  spp.  >Entrophospora  spp.  Spore 

germination  test  indicated  poor  viability  of  these  indigenous 

VAMF.  The  Most  Probable  Number  (MPN)  method  appeared  to  be  a more 

realistic  estimate  of  the  mycorrhizal  inoculum  potential  of  the 

soil  than  the  spore  counts  obtained  by  wet-sieving  technique.  Corn 

cultivar,  McNair  508,  exhibited  better  response  to  inoculation  with 

G..  macrocarpum  than  to  inoculation  with  £.  intra radices  or  G_. 

mosseae.  Under  the  soil  fertility  regime  tested,  cultivar  x VAMF 

interaction  was  not  significant.  Liming  the  soil  favored  the 

establishment  of  VAMF.  Both  (3.  macrocarpum  and  G^.  mosseae  were 

responsive  to  liming.  Plants  inoculated  with  G.  intraradices 


xi 


exhibited  the  poorest  growth  at  all  lime  levels.  Failure  of  VAMF  to 
germinate  or  colonize  plant  roots  was  associated  with  high  levels 
of  soil  exchangeable  A1 . Development  of  response  to  inoculation 
with  the  different  species  of  VAMF  was  not  apparent  at  14  days  but 
was  apparent  at  35  days.  Inoculation  with  GL  macrocarpum,  (3.  mosseae, 
and  £.  intra radices  resulted  in  significant  increases  of  433,  295, 
and  220%,  respectively,  in  shoot  dry  weight  over  the  uninoculated 
controls  with  indigenous  VAMF.  Response  to  inoculation  was  dependent 
on  the  P source  and  rate  of  P application.  With  adequate  soil  P 
levels,  inoculation  with  (a.  macrocarpum  improved  P uptake  and  corn 
growth  markedly.  Responses  were  greater  with  the  chemically  reactive 
North  Carolina  rock  phosphate  than  with  the  relatively  insoluble 
Utah  rock  phosphate  at  all  rates  of  P applied.  The  effects  of 
inoculation  were  persistent  with  further  croppings  and  reinoculation 
did  not  result  in  additional  benefits.  A comparison  of  extraction 
methods  for  soil  P indicated  that  Bray  1 and  Mehlich  II  extractants 
provided  a better  index  of  soil  available  P than  did  the  Mehlich  I 
extractant  in  the  rock  phosphate-fertilized  soil. 
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GENERAL  INTRODUCTION 


Phosphate  fertilization  constitutes  an  important  investment  in 
crop  production.  Diminishing  reserves  of  high  quality  fertilizer 
phosphate  raw  materials  and  escalating  energy  costs  have  created  the 
need  to  develop  a sustainable  agriculture  requiring  lower  fertilizer 
inputs  as  well  as  to  increase  efficiency  of  fertilizer  phosphate  use. 
This  can  be  achieved  somewhat  by  (i)  selecting  high  yielding  plant 
species  and  cultivars,  (ii)  developing  fertilizers  for  which  recovery 
by  plants  is  higher  than  presently  achieved,  thus  increasing 
fertilizer  phosphate  use  efficiency,  (iii)  utilizing  less  expensive 
alternative  fertilizer  phosphate  such  as  rock  phosphates  which  may 
produce  yields  comparable  to  those  of  the  traditional  soluble  P 
fertilizers,  or  (iv)  inoculating  with  vesicular-arbuscular  mycorrhizal 
fungi  (VAMF)  to  enhance  the  utilization  of  applied  P fertilizers. 

Among  the  most  widespread  associations  between  microorganisms 
and  higher  plants  are  the  symbioses  known  as  mycorrhizae.  Almost  all 
plant  species,  particularly  those  of  economic  importance,  are  normally 
mycorrhizal  (Gerdemann,  1968).  Vesicular-arbuscular  mycorrhizae  have 
recently  attracted  more  attention  in  agricultural  research  programs, 
largely  due  to  a better  understanding  of  their  importance  for 
increasing  agricultural  productivity. 

The  present  study  was  undertaken  with  the  following  objectives: 
(i)  to  determine  the  response  of  corn  to  inoculation  with 
different  species  of  vesicular-arbuscular  mycorrhizal  fungi  and 
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(ii)  to  determine  the  effectiveness  of 
applied  at  different  rates,  in  promoting  the 
corn  cultivar. 


different  rock  phosphates, 
growth  of  a preselected 


SECTION  I 


RESPONSE  OF  CORN  (Zea  mays  L.)  TO  INOCULATION  WITH  DIFFERENT 
SPECIES  OF  VESICULAR-ARBUSCULAR  MYCORRHIZAL  FUNGI 

Introduction 

It  has  been  shown  frequently  that  inoculum  levels  of  VAMF  in 
field  soils  are  relatively  low  and  indigenous  species  are  ineffective 
in  plant  growth  stimulation  (Abbott  and  Robson,  1978).  Plants, 
therefore,  tend  to  become  mycorrhizal  relatively  slowly  even  though 
they  are  potentially  responsive  to  colonization  by  VAMF.  In  addition, 
different  species  of  VAMF,  even  with  the  same  soil,  host,  and 
environmental  conditions,  exhibit  different  growth  promoting  abilities 
(Mosse,  1972).  Further,  the  existence  of  different  species  of  VAMF 
greatly  increases  the  complexity  of  the  mycorrhizal  system  because 
species  or  even  isolates  of  the  same  species  can  differ  greatly  in 
the  extent  to  which  they  improve  plant  growth  (Carling  and  Brown,  1980). 
These  factors  have  prompted  the  need  to  investigate  the  possibility 
of  inoculation  of  field  crops  with  selected  species  of  VAMF  which 
are  more  effective  than  indigenous  species. 

In  order  to  elucidate  some  of  the  points  previously  discussed, 
the  present  study  was  undertaken  with  the  following  objectives: 

(i)  to  ascertain  the  mycorrhizal  inoculum  potential  of  the  soil 
used,  including  identification  of  the  indigenous  species  present. 
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(ii)  to  select  a compatible  corn  cultivar-mycorrhizal  fungus 
combination, 

(iii)  to  determine  the  influence  of  soil  acidity  on  the 
effectiveness  of  the  different  species  of  VAMF,  and 

(iv)  to  study  the  development  of  the  different  species  of 
VAMF  at  two  stages  of  corn  growth. 

Literature  Review 

Vesicular-Arbuscular  Mycorrhizae  in  Relation  to  Plant  Growth. 

The  study  of  V A mycorrhizae  is  expanding  rapidly  in  response  to  the 
growing  evidence  that  VAMF  can  improve  plant  growth,  especially  in 
infertile  soils.  Such  growth  increases  have  been  attributed  to  the 
effect  of  VAMF  to  enhance  the  ability  of  mycorrhizal  plants  to  absorb 
nutrients,  particularly  phosphorus  (Mosse,  1973b),  to  recover  from 
water  stress  (Levy  and  Krikun,  1980),  to  reduce  leaching  of  NH^-N  or 
NO^-N  (Haines  and  Best,  1976),  to  increase  soil  aggregation  (Koske, 
1975),  to  reduce  effects  of  plant  pathogens  (Schenck  and  Kellam, 

1978),  to  improve  nodulation  of  legumes  (Mosse,  1972),  and  to 
increase  salt  tolerance  (Hirrel  and  Gerdemann,  1980). 

Improved  growth  of  plants  after  inoculation  with  VAMF  has  been 
obtained  in  both  soil  (Mosse,  1957)  and  sand  (Daft  and  Nicolson,  1972). 
Additionally,  plant  response  to  inoculation  with  VAMF  has  been 
demonstrated  not  only  in  treated  soil  but  also  in  untreated  soil. 

Khan  (1972)  obtained  a ten-fold  yield  increase  with  precolonized  corn 
plants  in  a field  experiment.  Saif  and  Khan  (1977)  obtained  a four-fold 
increase  of  barley  and  Owusu-Bennoah  and  Mosse  (1979)  obtained  a 
six-fold  yield  increase  in  alfalfa  in  field  soils  with  low  to  moderate 
P contents.  Dramatic  responses  have  also  been  obtained  with  other 
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herbaceous  crops.  Ross  and  Harper  (1970)  found  greater  amounts  of  N, 

P,  Ca,  Cu,  and  Mn  accumulated  in  soybean  foliage  and  growth  and  yield 
were  increased  34-40%  in  the  presence  of  VAMF.  Hayman  and  Mosse  (1971) 
obtained  increases  of  shoot  dry  weight  of  up  to  fifteen-fold  with 
Coprosma  and  twelve-fold  with  onions  in  response  to  inoculation  with 
VAMF. 

Inoculation  of  Untreated  Field  Soils.  It  is  generally  expected 
that  the  benefits  of  inoculation  would  be  less  in  untreated  soil  than 
in  chemically  treated  soil  (Gerdemann,  1964);  in  treated  soils, 
pathogens  are  normally  eliminated  and  nutrient  availability  generally 
increased,  thus  resulting  in  less  competition  from  other  soil 
microorganisms.  Nonetheless,  P uptake  and  plant  growth  in  untreated 
soil  have  been  improved  by  inoculation  with  selected,  more  effective 
VAMF  in  pot  experiments  with  corn  (Gerdemann,  1964;  Jackson  et  al . , 
1972),  onions  (Mosse  and  Hayman,  1971),  cowpea  (Islam  et  al . , 1980), 
white  clover  (Powell  and  Daniel,  1978a),  and  subterranean  clover 
(Abbott  and  Robson,  1978)  despite  the  presence  of  indigenous  VAMF. 
These  positive  responses  to  inoculation  with  VAMF  in  untreated  field 
soils  have  generally  been  obtained  where  plants  were  precolonized 
with  VAMF  and  transplanted  into  test  soil,  thus  ensuring  that  the 
fungus  is  well  established  within  the  root  and  interactions  with 
indigenous  VAMF  in  initial  colonization  are  possibly  avoided.  Where 
seeds  have  been  directly  planted  into  untreated  soil,  inoculation 
with  VAMF  resulted  in  much  smaller  or  no  increase  in  plant  growth. 

For  example,  direct  inoculation  of  soil  increased  growth  of  corn  by 
14%  (Gerdemann,  1964)  and  by  about  50%  (Jackson  et  al . , 1972). 
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Field  experiments  have  also  demonstrated  responses  to  inoculation 
with  VAMF.  Khan  (1972,  1975)  planted  preinoculated  corn  and  wheat  in 
untreated  field  soil  and  obtained  improvement  in  growth  and  yield  in 
a soil  containing  few  indigenous  VAMF.  Other  field  experiments  with 
soybean  (Schenck  and  Hinson,  1973),  citrus  (Kleinschmidt  and  Gerdemann, 
1972),  and  onions  (Nelsen  et  al . , 1981)  have  also  demonstrated  the 
benefits  of  inoculation  with  VAMF.  Owusu-Bennoah  and  Wild  (1979)  found 
selected  VAMF,  introduced  at  time  of  sowing,  became  established  in  the 
field  and  spread  rapidly,  thus  improving  growth  of  lucerne,  barley,  and 
onion  even  in  the  presence  of  appreciable  populations  of  indigenous 
VAMF.  Such  effective  establishment,  persistence  and  spread  of 
introduced  VAMF  in  untreated  field  soils  has  been  amply  demonstrated 
(Warner  and  Mosse,  1982). 

Assessment  of  M.ycorrhizal  Inoculum  Potential  of  Field  Soil.  Very 
few  natural  soils  are  entirely  free  from  VAMF  (Mosse,  1973b),  and 
generally  their  populations  and  "infectivity"  varies  (Hayman  and 
Stovold,  1979).  In  studies  involving  untreated  soils,  it  is  important 
to  determine  accurately  the  number  of  effective  propagules  of  VAMF  in 
a given  soil.  Common  techniques  used  to  estimate  mycorrhizal  inoculum 
potential  of  a soil  involve  extracting  spores  from  soil,  either  by 
wet-sieving  (Gerdemann  and  Nicolson,  1963)  or  by  using  a flotation- 
adhesion  method  (Sutton  and  Barron,  1972),  and  then  counting  the  spores 
under  the  microscope.  However,  these  techniques  have  some  inherent 
limitations.  Firstly,  some  VAMF  produce  spores  too  small  to  be 
extracted  or  counted  (Mosse,  1981).  Secondly,  it  has  been  claimed  that 
some  VAMF  may  not  produce  spores  (Baylis,  1969).  Thirdly,  even  large 
spores  may  not  all  be  recovered  (Clarke  and  Mosse,  1981).  Fourthly, 
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spores  are  not  the  only  principal  source  of  inoculum  (Powell,  1976), 
and  finally,  not  all  spores  counted  may  be  viable  or  germinable 
(Porter,  1979).  Generally,  correlation  between  spore  numbers  in  the 
soil  and  colonization  of  the  host  plant  has  often  been  erratic  and 
inconsistent  (Daft  and  Nicolson,  1972;  Furlan  and  Fortin,  1973; 

Moorman  and  Reeves,  1979).  Inoculum  potential  should  therefore  be 
tested  before  attempting  to  predict  possible  benefits  of  inoculation 
in  natural  field  soil. 

In  view  of  this,  bioassays  were  developed,  modified  and  adapted 
to  enumerate  the  relative  amounts  of  inoculum  in  the  soil,  mainly  by 
observing  the  amount  of  development  of  VAMF  in  the  host  plant. 

Porter  (1979)  estimated  the  number  of  propagules  using  the  Most 
Probable  Number  (MPN)  technique  of  Alexander  (1965)  and  compared  this 
estimate  with  spore  counts  using  a conventional  wet-sieving  method. 

In  general,  the  MPN  method  was  found  to  be  a more  realistic  estimate 
of  the  number  of  propagules  of  VAMF  in  field  soil  than  the  wet-sieving 
method.  Powell  (1980a)  also  developed  a modified  dilution  series 
technique  using  ten-fold  dilution  series  with  the  diluted  inoculum 
soil  serving  as  the  growth  medium  as  well  as  the  source  of  mycorrhizal 
inoculum.  Such  enumeration  by  correlation  with  inoculum  potential 
alone  would  not  necessarily  indicate  the  total  number  of  spores  or 
fragments  of  VAMF  present  since  it  does  not  effectively  detect  non- 
viable  or  dormant  propagules.  Consequently,  for  such  a technique  to 
be  more  meaningful,  viability  tests  of  propagules  of  VAMF  via 
germination  studies  should  be  conducted  (Tommercup,  1982).  Moorman 
and  Reeves  (1979)  developed  a dilution  bioassay  using  corn  that 
allows  estimation  of  only  viable  inoculum  units  of  VAMF  with  a 
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particular  soil.  They  found  strong  correlation  between  the  incidence 
of  active  and  viable  VAMF  and  incidence  of  mycorrhizal  plants,  thus 
suggesting  that  VAMF  with  the  highest  inoculum  potential  tend  to 
produce  the  greatest  extent  of  colonization. 

Effectivity  of  Different  Species  of  Mycorrhizal  Fungi.  Different 
species  (Mosse,  1972)  and  even  isolates  of  individual  species  (Carling 
and  Brown,  1980)  exhibit  different  effectivity.  Mosse  (1975)  defined 
effectivity  as  "the  degree  of  nutritional  and  other  advantage 
resulting  from  the  symbiotic  association  between  a particular  autotroph 
and  heterotroph"  (pp.  469).  Such  differences  in  effectivity  have 
clearly  been  demonstrated  using  a variety  of  host  plants  and  species 
of  VAMF  (Hall,  1976;  Sanders  et  al . , 1977;  Islam  and  Ayanaba,  1981; 
Schenck  and  Smith,  1982). 

Many  factors  are  associated  with  differences  among  VAMF  in 
effectiveness,  suggesting  that  some  of  these  factors  affect  effectiveness 
by  changing  the  rapidity  of  root  penetration  rather  than  the  ability 
of  colonized  roots  to  take  up  P.  However,  it  cannot  be  assumed  that 
high  levels  of  colonization  will  mean  the  fungus  has  also  developed 
the  mycelium  in  the  soil  necessary  to  transport  nutrients  responsible 
for  enhanced  plant  growth  (Graham  et  al . , 1982).  Similar  amounts  of 
colonization  by  different  VAMF  will  not  necessarily  have  the  same 
effects  on  plant  growth  (Owusu-Bennoah  and  Mosse,  1979).  Additionally, 
effectivity  has  been  shown  to  be  independent  of  the  number  of 
connecting  hyphae  between  soil  and  root  (Powell,  1977a). 

Differences  in  effectiveness  may  also  be  related  to  differences 
in  the  amount  or  distribution  pattern  of  the  external  hyphae 
independent  of  their  capacity  to  colonize  the  root  cortex  (Graham  et 
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al . , 1982),  or  the  ability  of  the  hyphae  from  different  species  of 
VAMF  to  absorb  and/or  transport  P (Mosse,  1972).  Sanders  et  al . (1977) 
speculated  that  these  differences  could  be  attributed  to  the  different 
reaction  or  adaptability  of  the  fungal  species  to  soil  factors  such 
as  pH,  P status  or  rhizosphere  antagonists  or  in  their  interaction 
with  the  host  plant.  Agricultural  practices  like  liming  and 
fertilization  can  therefore  alter  populations  of  VAMF  both  qualitatively 
and  quantitatively. 

Mycorrhizal  fungi  may  also  differ  in  their  rate  and  time  of 
formation  as  well  as  the  amount  and  rate  of  colonization  (Black  and 
Tinker,  1979;  Sanders  et  al . , 1977),  and  therefore  may  show  differences 
in  effectiveness.  Additionally,  differences  between  VAMF  may  also  be 
related  to  their  different  patterns  and  mechanisms  of  sporulation. 

Fungi  exhibiting  gradual  sporulation  may  not  deplete  the  hyphae  of 
substances  necessary  for  continued  or  renewed  growth  (Abbott  and 
Robson,  1981b).  The  differences  could  also  be  attributed  to 
physiological  differences  between  VAMF  in  rates  of  nutrient  uptake, 
translocation  and  release,  utilization  of  plant  metabolites  and 
longevity  of  hyphae  and  arbuscules  (Mosse,  1981).  It  is  thus  apparent 
that  a mycorrhizal  fungus  that  performs  well  in  one  host  plant  under 
a particular  set  of  environmental  conditions  may  not  do  well  in 
another  host  under  the  same  conditions  or  the  same  host  under  different 
conditions.  Each  system  is  unique  and  therefore  each  must  be  evaluated 
experimental ly  before  the  question  pertaining  to  effectiveness  of  a 
specific  VAMF  in  that  system  can  be  evaluated. 
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Plant  Cultivar-Mycorrhizal  Fungi  Interaction.  Different  plant 
species  and  even  varieties  or  cultivars  of  the  same  species  exhibit 
different  growth  patterns,  thus  differing  in  their  ability  to  extract 
nutrients  from  the  soil;  some  species  will  show  nutrient  deficiency 
symptoms  while  others  will  grow  normally  (Fox,  1978).  This  suggests 
that  root  distribution  and  geometry  and  even  variation  in  uptake  and 
utilization  of  various  nutrients  are  somewhat  genetically  controlled 
(Barley  and  Rovira,  1970).  It  is  therefore  not  surprising  that  the 
question  of  whether  certain  plant  species  or  cultivars  are  habitually  • 
more  strongly  colonized  than  others  has  attracted  a certain  amount 
of  speculation.  Baylis  (1975)  proposed  that  through  evolution,  plants 
with  coarse  "magnoloid"  roots  may  have  become  physiologically 
dependent  on  VAMF  for  nutrient  uptake,  whereas  those  with  fine,  highly 
branched  "graminoid"  roots  rely  mainly  on  root  hairs  for  absorptive-^ 
functions.  This  hypothesis  implies  that  the  degree  of  root  colonization 
is,  somehow,  inversely  related  to  the  "graminoid"  nature  of  the  root 
system  and  evidence  for  this  has  been  offered  by  St.  John  (1980). 

Kleinschmidt  and  Gerdemann  (1972)  reported  that  some  citrus 
varieties  are  highly  mycorrhizal -dependent;  when  nonmycorrhizal , they 
are  severely  stunted  even  in  a highly  fertile  nursery  soil.  Gerdemann 
(1975)  later  defined  mycorrhizal  dependency  as  "the  degree  to  which 
a plant  is  dependent  on  the  mycorrhizal  condition  to  produce  its 
maximum  growth  or  yield,  at  a given  level  of  soil  fertility"  (pp.  583). 
Menge  et  al . (1978b)  expressed  it  numerically  as  the  dry  weight  of 
mycorrhizal  plants  as  percentage  of  the  dry  weight  of  nonmycorrhizal 
plants  at  a given  level  of  soil  fertility.  Such  mycorrhizal  dependency 
or  culti var-endomycorrhizal  preference  has  also  been  reported  in 
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different  cultivars  of  soybean  (Schenck  et  al . , 1975;  Skipper  and 
Smith,  1979),  wheat  (Azcon  and  Ocampo,  1981),  white  clover  (Hall  et 
al.,  1977),  citrus  root  stocks  (Menge  et  al . , 1978b),  corn  (Hall,  1978; 
Lambert  et  al . , 1979)  and  alfalfa  (Lambert  et  al . , 1980;  O'Bannon  et 
al . , 1980)  suggesting  some  kind  of  genetic  control  of  colonization 
level,  and  consequently,  response  to  VAMF  inoculation.  These  further 
indicate  the  importance  of  incorporating  the  mycorrhizal  system  in 
the  screening  and  selection  of  plant  cultivars  for  plant  growth  and 
efficiency  of  nutrient  uptake. 

Soil  Acidity-Mycorrhizal  Fungi  Interaction.  Ultisols  and  Oxisols, 
two  dominant  soil  orders  in  the  tropics,  frequently  have  pHs  of  less 
than  5 and  low  levels  of  exchangeable  calcium.  Effects  of  soil  acidity 
on  plant  growth  are  particularly  difficult  to  evaluate  since  many 
chemical  properties  of  the  soil  vary  with  changes  in  pH.  In  acid  soils, 
heavy  metals,  particularly  Al , rather  than  H are  responsible  for  many 
observed  effects  of  low  pH  (Coleman  and  Thomas,  1967).  In  addition, 
acidity  may  also  affect  either  of  the  biological  components  of  any 
symbiotic  relationship.  Consequently,  elimination  of  Al  toxicity  is 
the  primary  objective  in  liming  acid  soils,  besides  increasing  soil  pH 
and  exchangeable  Ca  (Kamprath,  1970). 

Effectiveness  of  a particular  species  of  VAMF  is  apparently 
related  to  properties  of  a particular  soil.  Soil  acidity  appears  to 
be  one  of  the  contributing  factors  for  observed  differences  in 
responses  to  VAMF.  There  is  some  evidence  for  differences  in  adaptation 
of  species  and  strains  of  VAMF  to  soil  pH;  some  VAMF  are  better  in 
neutral  or  alkaline  soils  and  others,  at  low  pH  (Mosse,  1972). 

Lambert  and  Cole  (1980)  reported  that  six  isolates  of  Glomus  tenuis 
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differed  in  their  ability  to  form  mycorrhizae  at  low  pH  and  that  an 
isolate  of  Gigaspora  gigantea  failed  to  establish  at  low  pH  even  though 
this  species  had  previously  been  found  in  mine  spoils  more  acid  than 
pH  4.8.  In  Western  Australia,  Glomus  mosseae  is  absent  from  acid  soils 
where  it  is  replaced  by  Acaulospora  spp.  (Abbott  and  Robson,  1977), 
and  in  pot  experiments,  Glomus  mosseae  has  often  failed  to  establish 
at  low  pH  (Hayman  and  Mosse,  1971;  Mosse,  1972),  whereas  Acaulospora 
has  been  successful  (Mosse,  1972).  These  indicate  that  the  best  species 
of  VAMF  in  one  soil  situation  is  not  necessarily  the  best  in  another. 

Specific  soybean  culti var-VAMF  response  has  also  been  shown  to 
be  dependent  on  soil  pH;  Gigaspora  gigantea  gave  greater  response  at 
pH  5.1  and  Glomus  mosseae  at  pH  6.1  (Skipper  and  Smith,  1979).  Sheikh 
et  al . (1975)  found  the  intensity  of  root  colonization  and  VAMF  spore 
numbers  to  be  dependent  on  soil  pH  and  Graw  (1979)  reported  that  pH 
can  affect  the  extent  to  which  certain  species  of  VAMF  can  increase 
the  P supply  to  the  host,  possibly  involving  a physiological  process 
in  the  host  which  changes  the  solubility  of  P. 

The  initiation  of  root  colonization  will  depend  on  growth  of 
hyphae  from  a propagule.  If  the  propagules  are  spores,  then  some 
species  may  colonize  sooner  than  others  because  spores  of  different 
species  of  VAMF  can  differ  in  the  length  of  time  they  take  to 
germinate  and  grow  in  the  soil  (Powell,  1976).  Spore  germination 
appears  to  be  influenced  by  levels  of  soil  acidity.  Green  et  al . (1976) 
showed  that  spore  germination  of  Glomus  mosseae  on  agar  was  best 
under  neutral  and  alkaline  condition  whereas  two  Gigaspora  spp.  were 
favored  by  acid  pH.  Mosse  and  Hepper  (1975)  found  growth  on  agar  of 
hyphae  from  Glomus  mosseae  to  be  inhibited  at  pH  4.5  but  stimulated 
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when  the  initial  pH  was  increased  to  6.7.  Daniels  and  Trappe  (1980) 
tested  germinabil ity  of  Glomus  epigaeum  and  found  soil  pH  to 
significantly  influence  germination,  with  maximum  germination  occurring 
between  pH  7.0  and  7.4.  This  suggests  that  the  ability  of  spores  to 
germinate  may  be  a factor  limiting  VAMF  to  particular  soils,  and  that 
at  a given  soil  acidity,  one  can  select  for  particular  effective 
VAMF  symbionts. 

Development  of  Host  Plant-Mycorrhizal  Fungi  Symbioses.  Host 
plant  growth  response  to  mycorrhizal  fungi  varies  widely  in  its  timing. 
In  soybean,  growth  enhancement  was  observed  as  early  as  six  weeks 
after  planting  (Carling  et  al . , 1979)  or  delayed  to  ten  weeks 
following  growth  inhibition  (Bethlenfalvay  et  al . , 1982b).  In  addition, 
different  species  of  VAMF  may  differ  in  the  rate  and  time  of  mycorrhizal 
formation  as  well  as  in  the  amount  and  rate  of  colonization  (Sanders 
et  al . , 1977).  The  mycorrhizal  association  is  normally  initiated  by 
penetrating  hyphae  from  germinated  spores  of  VAMF  (Nicolson,  1967), 
but  spores  of  different  species  of  VAMF  can  differ  in  the  length  of 
time  they  take  to  germinate  and  grow  in  the  soil  (Powell,  1976). 
Quantitative  studies  of  mycorrhizae  at  successive  stages  of  host 
development  have  indicated  that  the  percent  of  roots  colonized  is 
low  in  young  plants,  but  later  increases  to  high  levels  (Manjunath 
and  Bagyaraj , 1981).  Entry  points  and  arbuscules  have  been  observed 
as  early  as  5-6  days  after  planting  (Smith  et  al . , 1979),  and  15  days 
after  planting  (Manjunath  and  Bagyaraj,  1981).  Gianinazzi-Pearson 
and  Gianinazzi  (1978)  only  observed  arbuscules  and  internal  hyphae 
at  6 weeks  after  planting  while  vesicles  developed  2 weeks  later. 
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A three-phase  pattern  of  VAMF  development  involving  sequentially 
a lag  phase,  a phase  of  external  mycelium  development,  and  a phase 
of  constancy  in  the  proportion  of  mycorrhizal  to  nonmycorrhizal  roots 
appear  characteristic  of  a diversity  of  host  plants  (Sutton,  1973; 
Carling  et  al . , 1979).  It  is  not  clear  what  factors  are  responsible 
for  the  lag  period.  Sutton  (1973)  suggested  the  time  length  required 
for  spore  germination,  germ  tube  elongation  and  root  penetration 
obviously  contribute  to  the  lag  phase.  The  extent  of  plant  root  growth 
(Sutton,  1973)  and  photosynthetic  capacity  of  the  host  plant 
(Beth! enfal vay  et  al . , 1982a)  may  possibly  contribute  to  this  delay. 

In  addition,  the  development  of  colonization  by  VAMF  in  a host  plant 
has  been  shown  to  be  related  to  the  specific  phosphatase  activity 
in  which  maximum  activity  occurred  while  the  colonization  was  still 
young  and  coincided  with  the  start  of  the  growth  response  (Gianinazzi- 
Pearson  and  Gianinazzi,  1978).  It  is  thus  apparent  that  rapid  and 
extensive  mycorrhizal  formation  would,  theoretically , be  a valuable 
attribute  used  in  any  inoculation  program. 

Materials  and  Methods 

Greenhouse  Experiments  and  Germination  Tests.  A highly 
weathered,  virgin  Ultisol,  Dothan  fine  sandy  loam  (fine  loamy, 
siliceous,  thermic,  Plinthic  Paleudult)  collected  from  a stand  of 
19  year  old  slash  pine  (Pinus  elliottii  Engel m.  var.  elliottii)  was 
used  in  all  the  studies.  Soil  was  sampled  to  a depth  of  20-cm, 
air-dried,  and  passed  through  a 1-cm  mesh  screen  to  remove  large 
pebbles  and  roots. 
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Four  experiments  are  reported  in  this  section.  In  the  first 
experiment,  the  mycorrhizal  inoculum  potential  of  the  soil  used  was 
assessed  using  a soil  dilution  method.  A ten-fold  dilution  series 
was  prepared  by  thoroughly  mixing  the  freshly  sieved  field  soil  with 
proportionate  amounts  of  soil  sterilized  by  autoclaving  at  200  C for 
4 hours.  One  hundred  and  fifty  gram  quantities  of  the  soil  mixture 
were  placed  in  small  plastic  pots  with  5 replicates  per  dilution 
level.  Dilutions  were  prepared  to  10"  . Bahia  grass  (Paspalum  notatum 
Flugge)  seeds  were  sown  into  each  pot  and  upon  emergence  were  thinned 
to  five  plants  per  pot.  The  pots  were  kept  in  the  greenhouse  and 
watered  regularly. 

After  3 months,  roots  were  randomly  sampled,  washed  with 
deionized  water,  cleared  in  10%  KOH  and  stained  with  trypan  blue- 
lactophenol  (Phillips  and  Hayman,  1970).  The  stained  roots  were  then 
examined  microscopically  for  colonization  by  VAMF,  reported  as 
either  present  or  absent.  For  comparison,  spore  counts  were  also  made 
in  which  spores  were  retrieved  from  a 25  g soil  sample  by  wet-sieving 
and  decanting  (Gerdemann  and  Nicolson,  1963)  followed  by  sucrose 
centrifugation  (Jenkins,  1964).  The  propagule  number  of  VAMF  was 
determined  by  the  Most  Probable  Number  method  as  the  value 
corresponding  to  the  number  of  pots  which  had  become  mycorrhizal  at 
successive  dilution  levels.  The  results  are  expressed  as  the  number 
of  mycorrhizal  propagules  per  pot  at  a given  dilution  by  the  weight 
of  soil  per  pot  (Powell,  1980a). 

Qualitative  studies  of  the  indigenous  species  of  VAMF  present 
were  also  conducted  in  which  spores  retrieved  by  wet-sieving  were 
identified  using  the  Endogonaceae  keys  of  Schenck  and  Smith  (1981). 
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The  viability  of  the  indigenous  species  of  VAMF  retrieved  was  also 
determined  by  collecting  the  spores  on  47-mm  diameter  Mi  Hi  pore 
filters  of  0.45  urn  pore  size,  then  incubating  them  in  the  Dothan  soil 
which  was  constantly  maintained  at  field  capacity.  After  3 weeks,  the 
Mill ipore  filters  were  removed,  washed  on  the  outside  with  deionized 
water,  stained  with  trypan  blue-1 actophenol  and  percent  spore 
germination  determined  as  a measure  of  viability.  A spore  is  considered 
germinated  if  the  germ  tube  length  is  greater  than  one-half  the 
diameter  of  the  spore  (Gottlieb,  1978). 

Experiment  II  compares  the  effects  of  three  Glomus  species, 
namely,  G_.  intra radices  Schenck  and  Smith,  G_.  macrocarpum  Tul . and 
Tul.,  and  J3.  mosseae  Gerd.  and  Trappe  inoculated  in  the  form  of 
chlamydospores  on  growth  of  three  corn  cultivars,  namely,  Zea  mays 
L.cvs.  McNair  508,  Coker  16,  and  McCurdy  67-14. -Spores  of  each  species 
of  VAMF  were  taken  from  pot  cultures  maintained  at  the  University  of 
Florida,  Gainesville.  The  design  used  was  a randomized  complete 
block  with  8 replicates  per  treatment. 

The  air-dry  soil  was  initially  mixed  thoroughly  with  2 meq  of 
Ca(OH),,  liming  material  with  a neutralizing  value  of  135.  The  limed 
soil  was  incubated  for  1 week  at  field  capacity,  air-dried  and  packed 
into  15-cm  plastic  pots  at  1.5  kg  per  pot.  Soil  inoculation  was 
carried  out  by  placing  a thin  layer  of  inoculum  of  each  species  of 
VAMF,  consisting  of  approximately  200  spores  per  pot,  at  4-cm  below 
the  soil  surface.  Five  presoaked,  prewashed  corn  seeds  were  then 
planted  at  a depth  of  2-cm.  To  ensure  that  all  plants  received  the 
same  microflora  other  than  the  introduced  VAMF,  particularly  for  the 
controls,  10-ml  filtered  sievings  collected  from  a 325  mesh  sieve  of 
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0.45  um  size  openings  were  pipetted  into  each  pot.  Seven  days  later, 
upon  emergence,  the  plants  were  thinned  to  two  per  pot,  followed  by 
the  application  of  nutrient  solution  (minus  P)  of  100  ppm  N as 
(^4)2^4*  100  ppm  K as  KC1 , and  25  ppm  Mg  as  MgSO^  on  an  equivalent 
pot  basis.  Additional  50  ppm  N and  50  ppm  K were  applied  after  3 weeks 
of  corn  growth.  The  pots  were  watered  regularly  throughout  the  course 
of  the  experiment. 

Plants  were  harvested  56  days  after  planting.  The  corn  plants 
were  cut  at  the  soil  surface  and  roots  separated  from  adhering  soil 
and  washed  thoroughly.  Plant  materials  were  then  dried  in  an  oven  at 
70  C for  a minimum  of  48  hours  and  weighed.  Shoots  were  later  ground 
to  pass  a 20-mesh  screen  in  a stainless  steel  Wiley  mill  for  nutrient 
analysis.  At  harvest,  three  soil  cores,  1-cm  in  diameter,  were 
randomly  taken  from  each  pot  and  composited,  from  which  root  segments 
were  collected  on  a sieve,  washed,  cleared  in  K0H  and  stained  in 
trypan  blue-1  actophenol . The  stained  root  segments  were  randomly 
distributed  on  a grid  1-cm  division  and  examined  for  the  presence 
or  absence  of  colonization  by  VAMF  (Giovanetti  and  Mosse,  1980). 

Besides  plant  growth  response,  spore  germinabil ity  of  the 
VAMF  as  influenced  by  different  corn  cultivars  was  also  assessed. 
Thirty  spores  of  each  species  of  VAMF  were  collected  on  Mi  11  i pore 
filters,  as  described  previously,  and  incubated  in  the  respective 
pots  of  experiment  II  at  5 replicates  per  treatment.  Germinabil ity 
was  tested  at  28  days  after  incubation. 

On  the  basis  of  the  growth  response  obtained  from  experiment 
II,  corn  cultivar  McNair  508  was  selected  for  subsequent  studies.  In 
experiment  III,  the  adaptability  of  the  three  species  of  VAMF  to 
different  levels  of  soil  acidity  was  studied. 
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The  air-dry  soil  was  thoroughly  mixed  with  either  1,  2,  or 
3 meq  Ca(0H)2  liming  material,  changing  the  initial  pH  (1:2  soil -water) 
of  4.54  to  5.23,  5.47,  and  6.31,  respecti vely . The  limed  soils  were 
incubated  at  field  capacity  for  a week,  air-dried,  and  placed  in 
12-cm  pots  at  0.75  kg  per  pot.  Fifty  parts  per  million  P as 
concentrated  superphosphate  (46%  P205)  was  spread  uniformly  on  the 
soil  surface  of  all  pots.  One  hundred  spores  of  each  species  of  VAMF 
were  inoculated  as  described  previously,  and  10-ml  spore  wash  pipetted 
into  each  pot.  Two  pregerminated  corn  seedlings  were  transplanted  into 
each  pot  and  7 days  later,  thinned  to  one  per  pot.  A nutrient  solution 
containing  100  ppm  N as  (NH4)2S04 , 100  ppm  K as  KC1 , 50  ppm  Mg  as 
MgSO^  and  10  ppm  Zn  as  ZnS0^.7H20  on  an  equivalent  pot  basis  was 
applied  to  all  pots  by  pipetting  10-ml  of  the  solution  directly  to 
the  soil.  Two  weeks  later,  an  additional  100  ppm  N and  100  ppm  K were 
applied.  After  35  days,  plants  were  harvested  and  assessed  as  described 
previously. 

Besides  plant  growth  response,  spore  germination  of  the  three 
species  of  VAMF  was  also  tested  in  relation  to  levels  of  soil  acidity. 
Thirty  spores  of  each  species  were  collected  on  Mi  1 1 i pore  filters  and 
incubated  in  a tray  measuring  36  cm  x 25  cm  x 5.5  cm  containing  2.5 
kg  of  the  respective  limed  soil  treatments,  with  10  replicates  per 
treatment.  At  14  and  35  days,  the  filters  were  removed,  washed,  stained 
and  spore  germination  determined  microscopically. 

Experiments  I,  II  and  III  were  conducted  in  a greenhouse  with 

midday  photosynthetical ly  active  radiation  (PAR)  ranging  between  560 
-2  -1 

to  1000  uE  m s and  temperature  ranging  between  18  C to  30  C. 
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In  experiment  IV,  the  development  of  each  species  of  VAMF  at 
two  stages  of  corn  growth  was  compared  in  a randomized  complete  block 
design  with  6 replicates  per  treatment. 

Soils  were  initially  mixed  with  100  ppm  P of  North  Carolina  rock 
phosphate  (30.5%  P20g)  in  a rotary  mixer  and  allowed  to  incubate  for  2 
weeks  at  field  capacity.  At  the  end  of  2 weeks,  soils  were  air-dried, 
remixed  with  2 meq/100  g Ca(0H)2  liming  material  and  allowed  to 
incubate  for  another  week,  then  air-dried  and  packed  into  12-cm  pots 
at  0.75  kg  per  pot.  Soil  was  inoculated  with  approximately  200  spores 
per  pot  of  each  species  of  VAMF  and  10-ml  spore  wash  pipetted  into 
each  pot.  Two  pregerminated  corn  seedlings  were  transplanted  into  each 
pot  and  3 days  later  thinned  to  one  per  pot.  Nitrogen,  K,  Mg,  and  Zn 
were  applied  at  rates  similar  to  experiment  III  except  the  first 
application  was  made  at  3 days  after  planting,  and  the  additional 
application,  at  10  days  after  planting.  Plants  were  harvested  at  14 
and  35  days  for  shoot  and  root  dry  weights.  Root  colonization  by  VAMF 
was  also  estimated  in  the  usual  manner  at  each  harvest. 

Experiment  IV  was  conducted  in  a greenhouse  with  midday 

photosyntheti cal ly  active  radiation  (PAR)  ranging  between  850  to  1450 
-2  -1 

uE  m s and  temperature  ranging  between  29  C to  38  C. 

To  ensure  reproducibility  of  the  data  obtained,  almost  all 
experiments  were  repeated  except  the  following: 

(i)  mycorrhizal  inoculum  potential  experiment  (Expt.  I)  and 

(ii)  chlamydospore  germination  as  affected  by  different  levels 
of  soil  acidity  (Expt.  III). 

Plant  Analysis.  Ground  plant  samples  (0.25  g)  were  ashed  in  a 
muffle  furnace  initially  at  230  C for  hour  and  then  at  450  C for  3 
hours.  The  ash  was  cooled,  wetted  with  6N^  HNO^ » dried  on  a hot  plate. 
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and  then  reheated  at  400  C for  30  minutes.  The  ash  was  then  cooled 
and  moistened  with  deionized  water.  Five  milliliters  of  40%  HC1  were 
added  and  evaporated  to  dryness  on  a hot  plate  to  dehydrate  the  silica. 
Samples  were  cooled,  dissolved  in  5-ml  water  and  0.5-ml  40%  HC1  and 
allowed  to  boil  on  a hot  plate.  After  boiling,  the  samples  were 
filtered  through  a Whatman  No.  41  filter  paper  into  25-ml  volumetric 
flasks  and  made  to  volume  with  deionized  water.  The  solution  was 
analyzed  for  P,  K,  Mg,  Ca,  Cu,  and  Zn.  Phosphorus  in  the  plant  material 
was  determined  by  the  ascorbic  acid  method  (Watanabe  and  Olsen,  1965). 
Potassium  was  determined  by  flame  spectrophotometry  and  Ca,  Mg,  Cu, 
and  Zn  determined  by  atomic  absorption  spectrophotometry. 

Soil  Analysis.  All  soil  samples  were  air-dried  and  passed  through 
a 2-mm  screen  prior  to  chemical  analysis.  Soil  pH  was  determined  in 
both  water  and  lj\[  KC1  at  1:2  soil -sol ution  ratio.  Organic  matter  was 
determined  by  the  Walkley  and  Black  (1934)  wet  combustion  method  as 
modified  by  Walkley  (1947).  Total  acidity  was  determined  by  leaching 
soil  samples  with  1N_  KC1  and  titrating  the  leachate  with  standardized 
NaOH.  Back  titrating  the  leachate  with  standardized  HC1  after  addition 
of  4%  NaF  gave  exchangeable  A1  values.  Exchangeable  Ca  and  Mg  in  the 
leachate  were  determined  by  atomic  absorption  spectrophotometry . 
Exchangeable  H was  computed  by  subtracting  A1  from  total  acidity 
(McLean,  1965),  and  effective  cation  exchange  capacity  (ECEC) 
calculated  by  the  summation  of  exchangeable  A1 , H,  Ca,  and  Mg. 

Soil  samples  were  extracted  with  0.025N_  H^SO^  + 0 . 05N[  HC1 
Mehlich  I solution  (Mehlich,  1953).  The  extracts  were  then  analyzed 
for  various  nutrients.  Phosphorus  was  determined  by  the  ascorbic 
acid  method  (Watanabe  and  Olsen,  1965),  K by  flame  spectrophotometry 
and  Ca,  Mg,  Zn,  and  Cu  by  atomic  absorption  spectrophotometry . 
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Statistical  Analysis.  Analysis  of  variance  for  a randomized 
complete  block  design  and  Duncan's  Multiple  Range  Test  (DMRT)  for 
mean  comparison  were  used  to  analyze  and  interpret  the  data.  The 
methods  of  statistical  analysis  were  processed  by  Statistical 
Analysis  System  (SAS)  computer  procedure. 

Results 

Initial  soil  properties.  The  initial  properties  of  the  Dothan 
fine  sandy  loam  used  in  all  experiments  are  given  in  Tables  1 and  2. 

The  soil  has  a native  pH  of  4.54  (soil : H^O)  which  is  considered 
acidic  with  high  levels  of  exchangeable  A1  (2.13  meq/100  g).  The 
effective  cation  exchange  capacity  (ECEC)  is  dominated  by  exchangeable 
A1  (78.9%). 

As  in  most  highly  weathered  soils,  both  total  and  Mehlich  I 
extractable  P are  low,  with  levels  of  100  ppm  and  1.5  ppm,  respectively 
(Table  2).  Similarly,  levels  of  K,  Mg,  Ca,  Cu,  and  Mn  are  generally 
low  while  levels  of  Fe  and  Zn  are  relatively  high  and  considered 
nonlimiting  to  corn  growth  according  to  Gammon  (1976) (Unpubl ished 
data,  Soil  Science  Dept,  Univ.  of  Florida). 

Experiment  I.  Using  the  Endogonaceae  keys  of  Schenck  and  Smith 
(1981),  the  most  common  identifiable  VAMF  present  in  the  Dothan  soil 
was  Gigaspora  calospora  (Table  3).  However,  spores  identified  as 
belonging  to  the  genera,  Acaul ospora  and  Entrophospora  were 
occasionally  observed.  The  relative  abundance  of  these  indigenous 
VAMF  was  in  the  order  of  Gigaspora  cal ospora > Acaul ospora  spp.> 
Entrophospora  spp. 

The  mycorrhizal  inoculum  potential  (MIP)  estimated  using  the 
Most  Probable  Number  (MPN)  technique  was  found  to  be  0.47  propagules 
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per  g soil.  However,  using  the  wet-sieving  (WS)  technique,  the  Dothan 
soil  was  found  to  contain  6 spores  per  25  g soil.  Comparison  of  these 
two  estimates  suggests  that  the  WS  technique  underestimates  the  total 
number  of  VAMF  propagules  present  in  the  Dothan  soil.  In  addition, 
after  21  days,  only  24%  of  the  spores  germinated,  suggesting  that  a 
large  percentage  of  the  spores  of  the  indigenous  VAMF  were  nonviable. 

Experiment  II 

Growth  response  and  mycorrhizal  root  colonization.  Inoculation 
with  VAMF  did  not  result  in  substantial  increase  in  plant  growth  in 
most  cultivars  (Table  4,  Fig.  1).  A repeat  of  the  experiment  (Table  A-l) 
produced  similar  results.  Slight  increases  in  shoot  dry  weight  with 
inoculation  were  evident  in  cultivars  Coker  16  and  McCurdy  67-14, 
but  the  differences  were  not  significant.  In  cultivar  McNair  508, 
the  differences  were  apparent  and  significant.  Plants  inoculated  with 
G.  macrocarpum  had  the  highest  shoot  dry  weight  (1.38  g)  which  was 
27%  better  than  the  uninoculated  controls  with  indigenous  VAMF  (1.09  g) . 
G^.  intraradices  and  IS.  mosseae  improved  growth  consistently  in  all 
cultivars,  but  the  improvements  were  not  great.  The  highest  growth 
increase  with  G.  intraradices  was  only  10%  in  cultivar  McNair  508. 

Only  12%  increase  in  growth  was  obtained  for  G.  mosseae  in  cultivar 
Coker  16.  Averaged  over  all  cultivars,  the  relative  increases  in 
shoot  dry  weight  with  inoculation  were  13,  8,  and  8%  for  plants 
inoculated  with  G.  macrocarpum,  G.  intraradices,  and  G.  mosseae, 
respectively.  There  was  no  significant  cultivar  x VAMF  interaction. 

Corn  cultivar  McCurdy  67-14  outyi elded  the  other  cultivars  in 
terms  of  shoot  dry  weight  while  cultivar  Coker  16  exhibited  the 
poorest  growth.  The  variation  in  shoot  dry  weight  in  Coker  16  was 


Table  4.  Response  of  different  corn  cultivars  to  inoculation  with 

different  Glomus  species  of  vesicular-arbuscular  mycorrhizal 
fungi  (VAMF):  growth  response  and  mycorrhizal  root 
colonization  at  56  days  after  planting. t 
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high  (cv=20.5%)  relative  to  those  of  McNair  508  (cv=17.5%),  and 
McCurdy  67-14  (cv=14.4%). 

Greater  root  weight  was  produced  in  cultivar  McNair  508  which 
was  significantly  higher  than  those  of  Coker  16  and  McCurdy  67-14. 

In  general,  inoculation  with  VAMF  resulted  in  slightly  lower  root 
production.  However,  the  differences  were  not  statistically  significant 
within  cultivars  Coker  16  and  McNair  508  but  were  significant  in 
cultivar  McCurdy  67-14  in  which  inoculated  plants  yielded  fewer  roots. 
Similarly,  root  dry  weight  to  shoot  dry  weight  ratios  (R:S)  were 
slightly  less  in  inoculated  plants;  differences  were  not  significant 
in  cultivars  Coker  16  and  McNair  508  but  were  significant  in  cultivar 
McCurdy  67-14. 

Despite  the  absence  of  substantial  growth  response,  there  were 
large  differences  in  the  degree  of  root  colonization  (MRC)  by  VAMF 
(Table  4,  Fig.  2).  Unlike  shoot  and  root  dry  weights,  cultivar  x 
VAMF  interaction  was  highly  significant  (P  <0.01) . Only  the  main 
effect  of  VAMF  was  significant  ( P <0.01)  which  indicates  that  the 
significant  cultivar  x VAMF  interaction  was  attributed  more  to  VAMF 
treatments  than  cultivars.  Generally,  low  levels  of  MRC  were  evident 
in  uninoculated  plants  in  all  three  cultivars,  the  levels  of  which 
were  2.0,  2.7,  and  8.4%  in  cultivars  Coker  16,  McNair  508,  and 
McCurdy  67-14,  respectively.  In  all  cultivars,  inoculation  further 
increased  MRC.  In  both  cultivars  Coker  16  and  McNair  508,  G.  macrocarpum 
provided  the  highest  MRC  (21.8  and  24.7%,  respectively)  while  in 
cultivar  McCurdy  67-14,  G.  mosseae  (24.3%)  had  the  highest  MRC. 

Averaged  over  all  cultivars,  the  levels  of  MRC  were  22.5,  20.2,  17.8, 
and  4.4%  with  G.  macrocarpum,  (3.  mosseae,  G^.  intraradices , and 
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Fig.  2 Response  of  different  corn  cultivars  to  inoculation  with 

different  Glomus  species  of  vesicular-arbuscular  mycorrhizal 
fungi:  mycorrhizal  root  colonization. 


30 


indigenous  VAMF,  respectively.  A significant  correlation  between  shoot 
dry  weight  and  MRC  was  obtained  only  in  cultivar  McNair  508  (r=0.38, 

P < 0.05) . As  in  shoot  dry  weight,  the  coefficient  of  variability  for 
MRC  was  the  highest  in  cultivar  Coker  16. 

Nutrient  concentrations  and  P uptake.  Significant  (PC0.05) 
differences  in  P concentration  in  plant  shoots  were  evident  between 
corn  cultivars  (Table  5).  Corn  cultivar  Coker  16  had  the  highest  P 
concentration  (0.096%)  which  was  significantly  higher  than  that  of 
McNair  508  (0.085%).  Inoculation  generally  resulted  in  slightly 
higher  levels  of  P in  plant  shoots  in  all  cultivars.  Differences  were 
not  significant  in  cultivars  Coker  16  and  McCurdy  67-14  but  significant 
in  cultivar  McNair  508  in  which  plants  inoculated  with  mosseae 
had  the  highest  level  of  P in  corn  shoots.  The  variation  in  P 
concentration  in  cultivars  Coker  16  (cv=6.1%)  and  McCurdy  67-14 
(cv=7 .3%)  were  high  relative  to  that  of  McNair  508  (cv=3.4%). 

Phosphorus  uptake  (Table  5,  Fig.  3)  was  highest  in  cultivar 
McCurdy  67-14  (1.15  mg).  In  general,  P uptake  was  slightly  higher 
in  inoculated  plants.  However,  significant  differences  were  only 
apparent  in  cultivar  McNair  508.  In  cultivar  McNair  508,  P uptake  was 
highest  in  plants  inoculated  with  G^.  macrocarpum  (1.16  mg)  which  was 
a 29%  increase  over  plants  colonized  with  indigenous  VAMF  (0.90  mg). 

The  highest  increase  in  P uptake  with  (3.  intraradices  was  only  13% 
in  cultivar  McCurdy  67-14  and  17%  for  G^.  mosseae  in  cultivar  Coker  16. 

As  with  shoot  dry  weight,  cultivar  x VAMF  interaction  was  not  significant. 

In  all  cultivars,  plants  inoculated  with  G.  macrocarpum  tended 
to  have  the  lowest  levels  of  Ca  and  plants  inoculated  with  G. 
intraradices , the  highest  (Table  5).  Calcium  levels  were  lowest  in 
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column  followed  by  the  same  letter  are  not  significantly  different  at  P=0.05  according 


32 


Fig.  3 Response  of  different  corn  cultivars  to  inoculation  with 

different  Glomus  species  of  vesicular-arbuscular  mycorrhizal 
fungi:  P uptake  of  shoots. 
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cultivar  McNair  508  (0.86%)  and  highest  in  cultivar  Coker  16  (1.36%). 
Inoculation  did  not  result  in  significant  differences  in  K and  Zn 
levels  in  all  three  cultivars.  Magnesium  concentration  in  plant  shoots 
was  significantly  different  in  cultivar  McNair  508  with  plants 
inoculated  with  G.  mosseae  exhibiting  the  lowest  Mg  concentration. 
Inoculation  resulted  in  significant  differences  in  levels  of  Cu  in 
all  cultivars.  In  cultivar  Coker  16,  Cu  concentration  was  highest  in 
un inoculated  plants  (6  ppm)  with  the  least  in  plants  inoculated  with 
G.  macrocarpum  (4  ppm).  Similarly,  in  cultivar  McNair  508,  plants 
inoculated  with  j3.  macrocarpum  had  the  lowest  Cu  concentration  in 
plant  shoots  but  in  cultivar  McCurdy  67-14,  the  least  Cu  concentration 
was  in  uninoculated  plants.  In  both  cultivars  McCurdy  67-14  and 
McNair  508,  plants  inoculated  with  G.  mosseae  provided  the  highest 
levels  of  Cu  in  plant  shoots. 

Between  cultivars,  levels  of  K,  Mg,  and  Zn  in  plant  shoots 
tended  to  be  higher  in  cultivar  McCurdy  67-14  and  levels  of  Cu 
highest  in  cultivar  Coker  16.  As  with  P,  concentrations  of  K,  Mg, 

Cu,  and  Zn  were  relatively  lower  in  cultivar  McNair  508. 

Chi amydos pore  germination.  After  28  days,  chlamydospores  of  the 
various  species  of  VAMF  tested  germinated  well  (Table  6,  Fig.  4).  A 
repeat  of  this  experiment  produced  similar  results  (Table  A-2). 

Percent  germination  ranged  from  67.5  to  84.0%.  Only  the  main  effect 
of  VAMF  was  significant  (P<  0.06) , and  cultivar  x VAMF  interaction 
was  not  significant,  indicating,  that  the  VAMF  germinated  irrespective 
of  corn  cultivars.  Between  the  VAMF  tested,  chlamydospores  of  G^. 
mosseae  germinated  the  best  (79.1%)  and  (3.  macrocarpum,  the  poorest 
(69.6%).  Chlamydospore  germination  was  significantly  correlated  with 
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Table  6.  Influence  of  different  corn  cultivars  on  chi amydospore 
germination  of  different  Glomus  species  of  vesicular- 
arbuscular  mycorrhizal  fungi  (VAMF)' 


Percent  germination 

Corn  _ VAMF 

cultivar  intraradices  G.  macrocarpum  mosseae 

% 


Coker  16 

71.4 

67.5 

77.3 

McNair  508 

76.3 

70.3 

75.9 

McCurdy  67-14 

70.8 

71.0 

84.0 

Mean 

72.8ab* 

69.6b 

79.1a 

t Germination  was  assessed  after  28  days. 

t Means  within  a row  followed  by  the  same  letter  are  not  significantly 
different  at  P=0.05  according  to  DMRT. 
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Fig.  4 Influence  of  different  corn  cultivars  on  chlamydospore 
germination  of  three  Glomus  species  of  vesicular- 
arbuscular  mycorrhizal  fungi. 
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shoot  dry  weight  in  plants  inoculated  with  G.  macrocarpum 
(r=0.53,  P<0.05).  In  addition,  chi amydospore  germination  was 
correlated  with  MRC  in  both  G.  macrocarpum  (r=0.61,  P <0.01)  and 
G.  intraradices  (r=0.51,  P<0.05)  inoculated  plants. 

Experiment  III 

Soil  chemical  analysis  before  cropping.  Data  on  soil  chemical 
properties  following  liming  but  before  cropping  are  presented  in 
Table  7.  Liming  of  the  Ultisol  was  accompanied  by  a significant 
increase  in  soil  pH.  Soil  pH  increased  from  4.54  to  5.23,  5.47,  and 
6.31  at  1,  2,  and  3 meq  lime,  respecti vely . In  addition,  liming 
resulted  in  significant  decreases  in  levels  of  soil  exchangeable  A1 . 
Levels  of  exchangeable  A1  decreased  from  2.13  meq/100  g in  the 
unlimed  soil  to  as  low  as  0.17  meq/100  g when  3 meq  of  lime  was 
applied.  Percent  A1  saturation  of  the  ECEC  was  high  (78.8%)  initially 
but  decreased  significantly  at  successive  lime  rates  to  34.7,  12.6, 
and  2.7%  at  1,  2,  and  3 meq  lime,  respectively.  Levels  of  K,  Mg,  and 
Ca  tended  to  increase  with  liming  while  Zn  appeared  to  decrease  but 
no  change  in  Mehlich  I extractable  P and  Cu  was  apparent. 

Growth  response  and  mycorrhizal  root  colonization.  Better 
plant  growth  response  was  obtained  upon  liming  (Table  8,  Fig.  5). 

Shoot  dry  weights  at  1,  2,  and  3 meq  lime  were  comparable  but 
significantly  higher  (P<  0.05)  than  in  the  unlimed  treatment.  Lime  x 
VAMF  interaction  was  not  significant  but  both  main  effects  of  lime 
and  VAMF  were  significant  (P<0.01).  Averaged  over  all  lime  rates, 
plants  inoculated  with  GL  macrocarpum  out.yi elded  the  other  VAMF- 
inoculated  plants.  Surprisingly,  plants  inoculated  with  (5.  intra  rad  ices 
produced  significantly  lower  shoot  dry  weight  than  that  induced  by 
indigenous  VAMF.  Analysis  of  variance  of  shoot  dry  weight  at  each 


Table  7.  Soil  chemical  analysis  after  liming  and  before  cropping. 
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Table  8.  Effects  of  liming  on  different  G1 omus  species 
of  vesicular-arbuscular  mycorrhizal  fungi 
(VAMF):  growth  response  and  mycorrhizal  root  . 
colonization  (MRC)  at  35  days  after  planting. 


VAMF  inoculum 

Shoot 

dry  weight 

Root 

dry  weight 

R:S 

MRC 

g 

g 

0/ 
/ 0 

0 meg/ 100  g 

Indigenous 

0.60a  t 

0.27a 

0.44ab 

4.8b 

G.  intraradices 

0.53a 

0.20a 

0.38b 

6.8ab 

G.  macrocarpum 

0.52a 

0.31a 

0.66a 

10.0a 

G.  mosseae 

0.58a 

0.30a 

0.51ab 

8.7ab 

Mean 

0. 56y  § 

0.27z 

0.50xy 

7 .6y 

1 meg/ 100  g 

Indigenous 

0.86a 

0.32b 

0.37b 

6.2a 

G.  intraradices 

0.68a 

0.34b 

0.49a 

10.3a 

G.  macrocarpum 

0.94a 

0.54a 

0.58a 

12.7a 

G.  mosseae 

0.86a 

0.43ab 

0.50a 

11.7a 

Mean 

0.83x 

0.41xy 

0.48xy 

10. 2y 

2 meg/ 100  g 

Indigenous 

0.92ab 

0.39a 

0.41a 

6.3c 

G.  intraradices 

0.72b 

0.31a 

0.45a 

23.2a 

G.  macrocarpum 

0.95a 

0.39a 

0.40a 

17.6ab 

G.  mosseae 

0.85ab 

0.35a 

0.41a 

13.3bc 

Mean 

0.86x 

0.36y 

0.42y 

15. 2x 

3 meg/ 100  g 

Indigenous 

0.82a 

0.32c 

0.39b 

9.8c 

G.  intraradices 

0.73a 

0.40bc 

0.55a 

12.3bc 

G.  macrocarpum 

0.93a 

0.58a 

0.63a 

17.3ab 

G.  mosseae 

0.93a 

0.50ab 

0.55a 

20.5a 

Mean 

0.85x 

0.45x 

0. 53x 

15. Ox 

t Values  are  means  of  5 replicates  and  all  pots  received 
50  ppm  P in  the  form  of  concentrated  superphosphate. 


% At  each  lime  level,  values  within  a column  followed 
by  the  same  letter  are  not  significantly  different  at 
P=0.05  according  to  DMRT. 

§ Means  within  a column  followed  by  the  same  letter  are 
not  significantly  different  at  P=0.05  accordinq  to 
DMRT. 
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Fig.  5 Effects  of  liming  on  different  Glomus  species  of  vesicular-arbuscular  mycorrhizal 
fungi:  shoot  dry  weight  of  corn. 
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lime  rate  indicated  no  significant  difference  between  the  VAMF 
treatments  at  0,  1,  and  3 meq  lime.  However,  at  2 meq  lime,  plants 
inoculated  with  G.  macrocarpum  had  significantly  greater  shoot  dry 
weight  than  plants  inoculated  with  G.  intraradices.  Of  the  VAMF, 

Gi.  macrocarpum  appeared  to  be  most  responsive  to  liming.  Increases 
in  shoot  dry  weight  in  plants  inoculated  with  £.  macrocarpum  were 
81,  83,  and  79%  at  1,  2,  and  3 meq  lime,  respectively  when  compared 
with  the  unlimed  treatment.  The  increases  in  plants  inoculated  with 
G^  mosseae  were  48,  47,  and  60%  at  1,  2,  and  3 meq  lime,  respectively, 
indicating  greater  response  at  the  highest  lime  rate.  Responses  to 
liming  in  plants  inoculated  with  (3.  intraradices  were  generally 
lower  with  increases  of  28,  36,  and  38%  at  1,  2,  and  3 meq  lime, 
respectively.  Similarly,  indigenous  VAMF  appeared  to  be  stimulated 
by  liming  with  increases  of  43,  53,  and  37%  at  1,  2,  and  3 meq  lime, 
respectively.  Results  of  the  repeat  experiment  on  shoot  dry  weight 
and  MRC  are  presented  in  Table  A-3. 

In  general,  there  was  better  root  production  with  liming.  In 

/ 

the  unlimed  treatment,  root  dry  weight  was  0.27  g which  increased  to 
0.41,  0.36,  and  0.45  g at  1,  2,  and  3 meq  lime,  respectively. 

Averaged  over  all  lime  rates,  comparable  root  dry  weight  were  evident 
in  plants  inoculated  with  G^.  macrocarpum  (0.45  g)  and  G^.  mosseae 
(0.40  g),  both  of  which  were  significantly  larger  than  those 
stimulated  by  G.  intra radices  (0.31  g)  and  by  indigenous  VAMF  (0.32  g) . 

Differences  in  MRC  were  evident  at  all  levels  of  lime  (Table 
8,  Fig.  6).  In  general,  liming  increased  MRC  even  with  indigenous 
VAMF.  Lime  x VAMF  interaction  and  main  effects  of  VAMF  and  lime  were 
all  significant  ( P <0.01) . Inoculation  resulted  in  higher  levels  of 
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MRC.  Levels  of  MRC  with  6.  intraradices  were  6.8,  10.3,  23.2,  and 
12.3%  at  0,  1,  2,  and  3 meq  lime,  respectively . In  plants  inoculated 
with  G.  macrocarpum,  MRC  levels  were  generally  higher  with  values  of 
10.0,  12.7,  17.6,  and  17.7%  at  0,  1,  2,  and  3 meq  lime,  respectively. 
Root  colonization  levels  in  plants  inoculated  with  G_.  mosseae  tended 
to  increase  with  successive  stages  of  liming  from  an  initial  level 
of  8.7%  in  unlimed  treatment  to  11.7,  13.3,  and  20.5%  at  1,  2,  and 
3 meq  lime,  respectively. 

Nutrient  concentrations  and  P uptake.  Depressions  of  concentration 
of  P in  plant  shoots  were  evident  with  liming  (Table  9).  Lime  x VAMF 
interaction  was  significant  (PC0.05),  and  only  the  main  effect  of 
lime  was  significant.  At  1 and  2 meq  lime,  no  significant  differences 
in  P concentration  were  detected  between  the  various  VAMF.  However, 
at  both  0 and  3 meq  lime,  uninoculated  plants  with  indigenous  VAMF 
tended  to  exhibit  greater  levels  of  P in  plant  shoots  with  the  least 
in  plants  inoculated  with  £.  mosseae. 

Increasing  lime  rates  improved  the  levels  of  P accumulated  in 
plant  shoots  (Table  9,  Fig.  7).  (3.  mosseae  was  most  responsive  to 
liming  in  terms  of  P uptake.  Increases  in  P uptake  in  plants  inoculated 
with  G.  mosseae  were  relatively  higher  with  increases  of  55,  46,  and 
46%  at  1,  2,  and  3 meq  lime,  respectively.  Increases  in  plants 
inoculated  with  G.  macrocarpum  were  30,  23,  and  27%  and  with  G. 
i ntraradi ces , 0,  26,  and  34%  at  1,  2,  and  3 meq  lime,  respectively. 
Indigenous  VAMF  stimulated  lesser  increases  in  P uptake  with  liming 
than  any  of  the  introduced  VAMF  despite  having  generally  higher  P 
concentration  in  plant  shoots  with  almost  identical  increases  of  10, 

11,  and  11%  at  1,  2,  and  3 meq  lime,  respectively. 
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TabTe  9.  Effects  of  liming  on  different  Glomus  species  of 
vesicular-arbuscular  mycorrhizal  fungi  (VAMF) : 
nutrient  concentrations .and  P uptake  of  shoots  at 
35  days  after  planting.' 


VAMF  inoculum 

P 

Nutrient  concentrations 

K Mg  Ca 

Zn 

Cu 

uptake 

P 

ppm- 

mg 

0.16a$ 

0 meq/100 

q 

Indigenous 

3.32ab 

0.32a 

0.13b 

108a 

7a 

0.98a 

G.  intraradices 

0.13ab 

3.48ab 

0.25b 

0. 15ab 

101a 

7a 

0.70a 

G.  macrocarpum 

0.16a 

3.24b 

0.30a 

0.17a 

95a 

6a 

0.84a 

G.  mosseae 

0.12b 

4.08a 

0.25b 

0. 16ab 

107a 

5a 

0.71a 

Mean 

0. 14x  § 

3. 53x 

0.28z 

0. 15z 

103w 

OX 

0.81y 

1 meq/100 

g 

Indigenous 

0.13a 

3.32a 

0.36a 

0.51a 

71a 

8a 

1.08a 

G.  intraradices 

0.11a 

3.04a 

0.33a 

0.54a 

74a 

9a 

0.70b 

G.  macrocarpum 

0.12a 

3.10a 

0.33a 

0. 5ia 

68a 

5a 

1.09a 

G.  mosseae 

0.12a 

3.44a 

0.30a 

0.55a 

78a 

8a 

1.01a 

Mean 

0.12y 

3.23xy 

0.33y 

0. 53y 

73x 

7x 

C.97x 

2 meq/100 

9 

Indigenous 

0.12a 

3..16ab 

0.31ab 

0.44b 

56b 

7ab 

1.09a 

G.  intraradices 

0.12a 

3.50ab 

0.36a 

0. 55ab 

64ab 

9ab 

0.88a 

G.  macrocarpum 

0.11a 

2.82b 

0.31ab 

0. 50ab 

53  b 

4b 

1.03a 

G.  mosseae 

0.12a 

3.94a 

0.29b 

0.62a 

71a 

7ab 

1.04a 

Mean 

0.12y 

3.38x 

0.32yz 

0. 53y 

62y 

7x 

l.Qlx 

3 meq/100 

q 

Indigenous 

0.13a 

3.36a 

0.47a 

0.62b 

47a 

12a 

1.09a 

G.  intraradices 

0. 13ab 

2.96ab 

0.50a 

0.67ab 

40a 

Sab 

0.94a 

G.  macrocarpum 

0.12b 

2.72b 

0.53a 

0.78a 

39a 

6b 

1.07a 

G.  mosseae 

0.11c 

2.94ab 

0.49a 

0.75a 

44a 

5b 

1.04a 

Mean 

0. 12y 

2.99y 

0.  50x 

0. 71x 

43z 

8x 

1.03x 

f Values  are  means  of  5 replicates  and  all  pots  received  50  ppm 
P in  the  form  of  concentrated  superphosphate. 


% At  each  lime  level,  values  within  a column  followed  by  the 
same  letter  are  not  significantly  different  at  P=0.05 
according  to  DMRT. 


§ Means  within  a column  followed  by  the  same  letter  are  not 
significantly  different  at  P=0.05  according  to  DMRT. 
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mycorrhizal  fungi:  P uptake  of  corn  shoots. 
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Levels  of  K,  Zn,  and  Cu  in  plant  shoots  were  generally  lower 
in  plants  inoculated  with  G.  macrocarpum  at  all  lime  rates  with  the 
differences  most  pronounced  at  2 meq  lime  (Table  9).  Magnesium  and 
Ca  levels  increased  with  liming  while  K and  Zn  concentrations  showed 
a declining  trend  with  increasing  rates  of  lime. 

Chi  amydospore  germination.  Chi amydospores  of  the  various  species 
of  VAMF  germinated  at  both  14  and  35  days  (Table  10,  Figs.  8,  9). 
Percent  spore  germination  ranged  from  35.0  to  82.1%  at  14  days  and 
from  52.3  to  91.8%  at  35  days.-  Liming  stimulated  better  spore 
germination.  At  14  days,  optimum  spore  germination  for  G.  intraradices, 
G.  macrocarpum,  and  G.  mosseae  were  at  3,  3,  and  2 meq  lime  levels, 
respectively  but  at  35  days,  optimum  spore  germination  was  at  3,  2, 
and  2 meq  lime,  respectively. 

J 

G.  macrocarpum  was  the  most  responsive  to  liming  at  14  days. 

At  1,  2,  and  3 meq  lime,  the  increases  in  percent  germination  of 
G.  macrocarpum  relative  to  the  unlimed  treatment  were  44,  122,  and 
135%,  respectively.  For  (5.  intraradices , percent  spore  germination 
was  highest  at  3 meq  lime  (80.2%)  which  was  a 64%  increase  over  the 
unlimed  treatment  with  increases  at  1 and  2 meq  lime,  relatively 
low  (45  and  49%,  respectively).  Liming  up  to  2 meq  lime  resulted  in 
104%  increase  in  germination  of  G.  mosseae.  Further  liming  did  not 
improve  germination. 

Over  an  extended  period  (35  days),  better  spore  germination 
was  observed  at  all  lime  levels.  At  both  0,  1,  and  3 meq  lime, 
percent  spore  germination  of  G.  intraradices  was  significantly 
higher  than  those  of  G.  macrocarpum  and  G.  mosseae  but  at  2 meq  lime, 
percent  spore  germination  of  G.  macrocarpum  was  the  best.  At  35  days, 


Table  10. 


Effects  of  liming  on  chlamydospore  germination  of  different 
Glomus  species  of  vesicul ar-arbuscul ar  mycorrhizal  fungi (VAMF) .' 


VAMF  inoculum 

Percent  germination 

0 

L i level  b ^ lliuy/  1UU  y ) 

1 2 

3 

14 

days 

G.  intra radices 

n3 

00 

00 

70.6a 

73.0b 

80.2a 

G.  macrocarpum 

35.0c 

50.3b 

77.8ab 

82.1a 

G.  mosseae 

39.2b 

53.5b 

79.8a 

68.2b 

35 

days 

G.  intra radices 

74.9a 

87.3a 

85.3b 

91.3a 

G.  macrocarpum 

57.2b 

67.3b 

90.3a 

86.5b 

G.  mosseae 

52.3b 

66.2b 

89.5ab 

71.9c 

f Values  are  means  of  10  replicates. 

t For  each  time  period,  values  within  a column  followed  by  the  same  letter 
are  not  significantly  different  at  P=0.05  according  to  DMRT. 


G. Intraradices 
G.macrocarpum 
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Lime  Levels,  meq/100  g 

Fig.  8 Effects  of  liming  on  different  Glomus  species  of  vesicul ar-arbuscul ar 
mycorrhizal  fungi:  chlamydospore  germination  at  14  days. 
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Lime  levels,  meq/100  g 

Effects  of  liming  on  different  Glomus  species  of  vesicular-arbuscular 
mycorrhizal  fungi:  chlamydospore  germination  at  35  days. 
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mosseae  was  most  responsive  to  liming.  Liming  up  to  2 meq 
further  resulted  in  71%  increase  in  germination  of  G.  mosseae.  As  at 
14  days,  further  liming  did  not  improve  germination.  Averaged  over 
all  lime  levels,  the  relative  increases  in  percent  spore  germination 
with  liming  at  35  days  were  18,  42,  and  45%  for  G.  intra radices, 

.G.  macrocarpum,  and  G.  mosseae,  respectively. 

Correlation  of  plant  growth,  spore  germination,  mycorrhizal 
root  colonization  and  soil  exchangeable  A1 . Significant  positive 
correlation  between  shoot  dry  weight  and  MRC  was  evident  only  in 
plants  inoculated  with  G.  mosseae  (r=0.51,  P;<  0.05)  (Tabl  e 11). 

Spore  germination  of  G..  intraradices  and  G_.  macrocarpum  at  14  days 
was  positively  correlated  with  shoot  dry  weight  (r=0.55  and  r=0.56, 
respectively)  and  at  35  days,  spore  germination  of  G.  macrocarpum 
and  G.  mosseae  was  positively  correlated  with  shoot  dry  weight 
(r-0.48  and  r=0.49,  respectively) . In  general,  spore  germination  at 
14  days  rather  than  at  35  days  was  better  correlated  with  MRC 
(Table  12).  In  addition,  at  both  14  and  35  days,  the  highest 
correlation  between  MRC  and  spore  germination  was  observed  with 
G..  macrocarpum. 

Soil  exchangeable  A1  was  negatively  correlated  with  shoot  dry 
weight,  MRC,  and  spore  germination  (Table  13).  The  negative 
correlation  between  shoot  dry  weight  and  exchangeable  A1  was  highest 
in  plants  inoculated  with  G.  macrocarpum  (r=-0.66).  Root  colonization 
(MRC)  by  G.  mosseae  appeared  to  be  more  inhibited  by  soil  exchangeable 
A1  (r=-0.70).  At  both  14  and  35  days,  germination  of  G.  macrocarpum 
spores  was  negatively  correlated  with  soil  exchangeable  A1  (r=-0.97, 
and  r=-0.87,  respectively) . In  addition,  spore  germination  of  the 


Table  11.  Effects  of  liming  on  different  Glomus  species  of  vesicular-arbuscular  mycorrhizal 
fungi (VAMF):  correlations  between  shoot  dry  weight  and  mycorrhizal  root 
col onization( MRC)  and  chlamydospore  germination. 
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Table  12.  Effects  of  liming  on  different  Glomus  species  of  vesicular- 
arbuscular  mycorrhizal  fungi  (VAMF):  correlation  between 
mycorrhizal  root  colonization  and  chi amydospore  germination. 


Parameter 

VAMF  inoculum 

Correlation 

coefficient 

PR  > F 

r 

Spore  germination 

14  days 

G.  intraradices 

0.42 

0.06 

G.  macrocarpum 

0.54 

0.01 

G.  mosseae 

0.49 

0.02 

35  days 

G.  intraradices 

0.28 

0.23 

G.  macrocarpum 

0.48 

0.03 

G.  mosseae 

0.42 

0.06 
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three  species  of  VAMF  tested  was  more  severely  inhibited  by  soil 
exchangeable  A1  at  14  than  at  35  days. 

Soil  chemical  analysis  after  cropping.  Data  on  soil  chemical 
analysis  after  cropping  are  given  in  Table  14.  Increasing  lime  rates 
significantly  increased  soil  pH.  Soil  pH  after  cropping  was  low  in 
the  unlimed  treatment  (4.48)  but  relatively  high  at  3 meq  lime 
(5.81).  In  general,  no  differences  between  the  VAMF  were  evident  at 
almost  all  lime  rates.  Phosphorus  levels  tended  to  decrease  with 
increasing  lime.  However,  despite  the  addition  of  50  ppm  P in  the 
form  of  soluble  P,  low  levels  of  P were  detected  in  the  soil  after 
cropping.  As  expected,  Ca  levels  that  remained  in  the  soil  after 
cropping  were  high  and  continued  to  remain  high  after  cropping  with 
increasing  lime.  Potassium  appeared  to  decrease  with  liming  and 
inoculation  at  almost  all  lime  rates  tended  to  provide  slightly  lower 
K than  the  uninoculated  treatment.  Zinc  and  Cu  levels  that  remained 
in  the  soil  after  cropping  appeared  to  be  significantly  reduced  with 
liming.  In  general,  levels  of  all  nutrients  after  cropping  were 
lower  with  jG.  macrocarpum  even  though  in  most  cases,  the  differences 
were  not  significant. 

Experiment  IV 

Growth  response  and  mycorrhizal  root  colonization.  Root 
colonization  by  both  introduced  and  indigenous  VAMF  was  detected  after 
2 weeks  of  corn  growth  (Table  15,  Fig.  11).  Inoculation  resulted  in 
significantly  higher  MRC;  the  highest  was  with  G.  macrocarpum  (35.3%). 
At  this  phase  of  corn  growth,  mycorrhizal  arbuscules  and  vesicles 
were  generally  not  fully  formed  and  less  abundant  and  only  short 
hyphal  branches  existed  in  localized  portions  of  the  root  cortex 
indicating  that  colonization  was  in  the  early  stages  of  development. 
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Table  14.  Soil  chemical  analysis  after  cropping  as  affected 
by  liming  and  inoculation  with  different  Glomus 
species  of  vesicular-arbuscular  mycorrhizal 
fungi  (VAMF).t 


VAMF  inoculum 

pH 

P 

K 

■Mehlich  I 
Mg 

extractabl e 
Ca 

Zn 

Cu 

0 meg/ 100  g 

Indigenous 

4.46a$ 

3.44a 

25.92b 

31.04ab 

52a 

1.34ab 

0.23a 

G.  intraradicas 

4.49a 

3.75a 

28.40ab 

31 ,20ab 

54a 

1 . 54ab 

0.18b 

G.  macrocarDum 

4.53a 

3.12a 

25.44b 

27.52b 

50a 

0.99b 

0.18b 

G.  mosseae 

4.44a 

3.92a 

32.64a 

35.28a 

53a 

1.69a 

0.22a 

Mean 

4.48z§ 

3.56y 

28. lOw 

31.25wx 

52z 

1.39w 

0.20w 

1 meg/ 100  g 

Indi genous 

4.91a 

3.92a 

14.64a 

31.68ab 

401a 

1.12a 

0.20ab 

G.  intraradices 

4.90a 

4.16a 

16.16a 

30.24a 

363a 

1.06a 

0.15b 

G.  macrocaroum 

4.88a 

3.68a 

15.44a 

30.96ab 

394a 

1.18a 

0.22a 

G.  mosseae 

4.92a 

4.16a 

16.48a 

33.84a 

401a 

1.43a 

0.22a 

Mean 

4 . 90y 

3.98x 

15.63y 

31 . 63wx 

386y 

1 . 20wx 

0.20w 

2 meg/ 100  g 

Indigenous 

5.28a 

4.00a 

16.80a 

34.56a 

651a 

1.55a 

0. 19ab 

G.  intraradices 

5.19a 

3.92a 

18.56a 

29.60b 

582b 

1.16a 

0.17b 

G.  macrocaroum 

5.08b 

3.60a 

16.08a 

31 . 12ab 

615ab 

1.22a 

0.18b 

G.  mosseae 

5.21a 

4.32a 

19.20a 

35.04a 

594b 

1.22a 

0.22a 

Mean 

5. 19x 

3.96x 

17 . 66x 

32.58w 

611x 

1.29wx 

O.lSw 

3 meg/ 100  g 

Indigenous 

5. Slab 

4.20a 

18.72a 

33.20a 

1342a 

1.30a 

0.14b 

G.  intraradices 

5.76b 

4.40a 

18.72a 

29.12b 

1326a 

1.05a 

0.14b 

G.  macrocaroum 

5.89a 

4.32a 

16.16b 

27.68b 

1329a 

1.31a 

0. 13b 

G.  mosseae 

5.77b 

4.64a 

15. 60b 

30. 72ab 

1358a 

0.91a 

0.20a 

Mean 

5.8iw 

4 . 40w 

17 . 3Cxy 

30. 18x 

1339w 

1. 14x 

0. 15x 

f Values  are  means  of  5 replicates  and  all  pots  received  50  ppm 
P in  the  form  of  concentrated  superphosphate. 


t At  each  lime  level,  values  within  a column  followed  by  the 
same  letter  are  not  significantly  different  at  P=0.05 
according  to  DMRT. 

§ Means  within  a column  followed  by  the  same  letter  are  not 
significantly  different  at  P=0.05  according  to  DMRT. 
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Table  15.  Development  of  response  to  inoculation  with  different  Glomus 
species  of  vesicular-arbuscular  mycorrhizal  fungi  (VAMF)  at 
two  stages  of  corn  growth:  growth  response  and  mycorrhizal 
root  colonization  (MRC).T 


VAMF  inoculum 

Shoot 

dry  weight 

Root 

dry  weight 

R:S^ 

MRC 

g 

9 

% 

14  days 

Indigenous 

0.49a* 

0.31a 

0.64a 

13. 8d 

G.  intra radices 

0.51a 

0.27a 

0.53a 

23.9b 

G.  macrocarpum 

0.51a 

0.23a 

0.64a 

35.3a 

G.  mosseae 

0.38a 

0.19a 

0.46a 

18.6c 

35  days 

Indigenous 

0.87d 

0.36c 

0.46a 

17.4b 

G.  intraradices 

2.78c 

1.13b 

0.40a 

70.3a 

G.  macrocarpum 

4.64a 

1.99a 

0.43a 

64.8a 

G.  mosseae 

3.43b 

1.71ab 

0.50a 

66.2a 

t Values  are  means  of  6 replicates  and  all  pots  received  100  ppm  P in 
the  form  of  North  Carolina  rock  phosphate. 


If  R:S  indicates  root  dry  weight  to  shoot  dry  weight  ratio. 

£ For  each  time  period,  values  within  a column  followed  by  the  same 
letter  are  not  significantly  different  at  P=0.05  according  to  DMRT. 


56 


0) 

O) 


B O 

E E 
£ <51  0*1  Ol 


6 ‘an6LaM  A'jq  q.00MS 


Fig.  10  Development  of  response  to  inoculation  with  different 

Glomus  species  of  vesicular-arbuscular  mycorrhizal  fungi 
at  14  and  35  days  after  planting  of  corn:  shoot  dry  weight. 
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of  corn:  mycorrhizal  root  colonization. 
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Although  colonization  was  apparent  at  14  days,  growth  responses 
were  not  detected,  with  no  significant  differences  in  shoot  dry 
weight  between  inoculated  and  uninoculated  treatments  (Table  15, 

Fig.  10).  In  addition,  there  was  no  relation  between  MRC  and  shoot 
dry  weight  at  14  days. 

There  was  a marked  increase  in  root  colonization  at  35  days. 

The  increases  in  colonization  relative  to  the  uninoculated  treatments 
were  194,  84,  and  255%  with  GL  intra  rad  ices,  G(.  macrocarpum,  and 
G.  mosseae,  respectively.  In  addition,  uninoculated  plants  with 
indigenous  VAMF  colonized  a higher  percentage  of  corn  roots  at  35 
than  at  14  days,  with  an  increase  of  about  25%.  This  marked  increase 
in  MRC,  particularly  in  the  inoculated  treatments,  was  associated 
with  the  formation  of  an  extensive  mycelium  in  the  soil  as  indicated 
by  the  increasing  amounts  of  hyphae  that  remained  attached  to  the 
roots  at  time  of  sampling.  Of  the  introduced  VAMF,  G.  intra radices 
was  easily  recognized  in  roots,  with  its  spores  visible  in  the  root 
cortical  tissue.  Development  of  hyphae  at  this  phase  of  growth  was 
extensive  with  most  of  the  inner  cortex  densely  colonized  by  hyphae, 
arbuscules , and/or  vesicles,  particularly  in  plants  inoculated  with 
G.  macrocarpum  indicating  the  successful  establishment  of  the 
introduced  VAMF. 

The  significant  increase  in  MRC  at  35  days  was  accompanied  by 
a tremendous  increase  in  plant  growth  response.  A repeat  of  the 
experiment  gave  almost  identical  results  (Table  A-4).  Inoculation 
with  G.  macrocarpum  resulted  in  the  greatest  shoot  dry  weight  (4.64  g) 
followed  by  G.  mosseae  (3.43  g) , and  G.  intraradices  (2.78  g),  the 
least.  Inoculation  resulted  in  433,  295,  and  220%  increase  in  shoot 
dry  weight  for  G.  macrocarpum,  G.  mosseae,  and  G.  intraradices. 
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respectively,  indicating  that  the  introduced  VAMF  had  become 
established  and  able  to  successfully  compete  for  root  space  even  in 
the  presence  of  indigenous  VAMF. 

Root  production  at  35  days  was  the  least  in  the  uninoculated 
treatment,  which  was  significantly  less  (P<0.05)  than  in  plants 
inoculated  with  6.  macrocarpum.  Unlike  at  14  days,  MRC  was 
significantly  correlated  with  shoot  and  root  dry  weights  at  35  days, 
of  which,  correlation  between  MRC  and  shoot  dry  weight  was  more 
highly  correlated  (r=0. 77) (Table  17). 

Nutrient  concentrations  and  P uptake.  Inoculated  plants  at 
14  days  generally  had  slightly  higher  P concentration  (Table  16)  even 
though  the  differences  were  statistically  not  significant;  evidently, 
14  days  was  too  short  a time  to  detect  any  significant  differences. 
However,  at  35  days,  differences  were  evident  and  significant.  Plants 
inoculated  with  G.  mosseae  had  the  highest  tissue  P concentration 
(0.19%),  followed  by  G.  intraradices  (0.18%),  G.  macrocarpum  (0.15%), 
and  the  least,  with  uninoculated  plants  (0.10%).  Phosphorus 
concentration  was  significantly  correlated  with  MRC;  at  35  days, 
they  were  more  correlated  (r=0.54)(Table  17)  than  at  14  days  (r=0.42). 

Inoculation  resulted  in  significantly  different  P uptake  at 
both  14  and  35  days  with  higher  P uptake  at  35  than  at  14  days 
(Table  16,  Fig.  12).  At  14  days,  P uptake  in  plants  inoculated  with 
G.  macrocarpum  and  G.  intra radices  was  similar  (0.55  mg).  Plants 
inoculated  with  mosseae  accumulated  less  P (0.37  mg)  even  when 
compared  with  uninoculated  plants  with  indigenous  VAMF  (0.47  mg).  At 
35  days,  however,  the  least  P uptake  was  in  the  uninoculated  plants 
and  inoculation  increased  P uptake  by  500,  800,  and  670%  with 
Gi.  intraradices,  G^.  macrocarpum,  and  G.  mosseae,  respecti vely. 
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$ For  each  time  period,  values  within  a column  followed  by  the  same  letter  are  not  siqnificantl y 
different  at  P=0.05  according  to  DMRT. 
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mycorrhizal  fungi  at  14  and  35  days  after 
planting  of  corn:  P uptake  of  shoots. 
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Phosphorus  uptake  at  35  days  was  very  highly  correlated  with  MRC 
(r=0. 84) (Table  17)  indicating  the  ability  of  VAMF  to  increase  P 
uptake  once  successfully  established. 

At  14  days,  levels  of  K in  plant  shoots  were  slightly  lower  in 
uninoculated  plants  but  the  differences  were  not  significant.  At  35 
days,  the  trend  was  reversed.  Uninoculated  plants  had  significantly 
the  highest  K concentration  (5.00%)  and  the  least  K concentration 
was  in  plants  inoculated  with  (3.  macrocarpum  (2.88%).  Potassium 
concentration  was  negatively  correlated  with  MRC  at  35  days 
(r=-0.69)(Table  17).  Levels  of  Mg  in  plant  shoots  were  not  significantly 
different  at  14  or  35  days  but  significantly  higher  levels  of  Ca  were 
obtained  in  uninoculated  plants  at  both  14  and  35  days.  At  14  days, 
levels  of  Zn  in  plant  shoots  were  significantly  higher  in  inoculated 
plants  but  the  trend  was  reversed  at  35  days  with  greater  Zn  levels  in 
uninoculated  plants.  Zinc  levels  were  negatively  correlated  with  MRC 
( r 0.59) . No  difference  was  observed  with  Cu  levels  in  plant  shoots 
at  14  days  but  at  35  days,  inoculated  plants  tended  to  exhibit  higher 
levels  of  Cu. 

Soil  chemical  analysis  after  cropping.  Data  on  soil  chemical 
analysis  after  cropping  at  both  14  and  35  days  are  presented  in 
Table  18. 

Soil  pH  was  higher  at  35  than  at  14  days.  Differences  in  soil 
pH  between  treatments  were  only  evident  at  14  days  when  soil 
inoculated  with  G^.  macrocarpum  had  the  lowest  pH.  Phosphorus  levels 
that  remained  in  the  soil  were  higher  at  14  than  at  35  days.  At  14 
days,  higher  levels  of  P remained  in  soil  inoculated  with  G.  macrocarpum 
and  the  least  with  G^.  mosseae.  However,  at  35  days,  both  soils 
inoculated  with  £.  macrocarpum  and  G.  mosseae  had  slightly  lower 
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Table  17.  Development  of  response  to  inoculation  with  different  Glomus 
species  of  vesicular-arbuscular  mycorrhizal  fungi  at  two 
stages  of  corn  growth:  correlations  between  mycorrhizal  root 
colonization  and  growth  parameters  and  nutrient  concentrations 
and  P uptake  of  shoots  at  35  days. 


Parameter 

Correlation 

coefficient 

PR  > F 

r 

Shoot 

0.77 

0.0001 

Root 

0.72 

0.0001 

Nutrient  concentrations 

P 

0.54 

0.0069 

K 

-0.69 

0.0002 

Zn 

-0.58 

0.0028 

Cu 

0.68 

0.0002 

P uptake 

0.84 

0.0001 

Table  18.  Development  of  response  to  inoculation  with  different  Glomus  species  of 
vesicular-arbuscular  mycorrhizal  fungi  ( VAMF) : soil  chemical  analysis 
after  cropping. ' 
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T values  are  means  or  b replicates  and  all  pots  received  100  ppm  P in  the  form  of 
North  Carolina  rock  phosphate. 

t For  each  time  period,  values  within  a column  followed  by  the  same  letter  are  not 
significantly  different  at  P=0.05  according  to  DMRT. 
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levels  of  P than  those  of  GL  intra radices  and  indigenous  VAMF 
indicating  higher  plant  growth  and  P uptake  are  accompanied  by  a 
greater  depletion  of  soil  P. 

Soil  K and  Mg  levels  were  generally  higher  in  the  uninoculated 
treatment  at  both  14  and  35  days.  Differences  in  levels  of  K were 
only  significant  at  35  days  with  much  less  K remaining  in  soils 
inoculated  with  mosseae  and  G_.  macrocarpum.  Differences  in  soil 
Mg  levels  were  only  evident  at  14  days  where  Mg  levels  were  lowest 
in  soil  inoculated  with  £.  i ntra rad ices . 

Soil  Ca  levels  at  both  14  and  35  days  were  the  least  in  soil 
inoculated  with  (a.  i ntraradi ces . Zinc  levels,  however,  tended  to  be 
lower  in  the  uninoculated  treatment  at  both  14  and  35  days  even  though 
differences  were  not  statistically  significant.  In  general,  at  35  days, 
in  particular,  levels  of  P,  K,  and  Zn  were  lower  in  soil  inoculated 
with  G.  macrocarpum  at  both  14  and  35  days.  Magnesium  and  Ca  levels 
were  the  least  in  soil  inoculated  with  G.  intra radices  at  both  14 
and  35  days. 

Discussion 

Vesicular-arbuscul ar  mycorrhizal  fungi  (VAMF)  occur  in  almost 
all  agricultural  soils  (Gerdemann,  1968).  In  most  soils,  commonly, 
more  than  one  species  of  VAMF  are  present  (Hayman  et  al . , 1975).  In 
addition,  differences  of  efficiency  in  stimulating  plant  growth 
between  species  of  VAMF  have  been  reported  (Mosse,  1981).  Consequently, 
knowledge  of  the  population  levels  and  species  composition  of 
indigenous  VAMF  present,  together  with  the  mycorrhizal  inoculum 
potential  (MIP)  of  a natural  field  soil,  is  important  for  predicting 
possible  benefits  of  inoculation  with  VAMF. 
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In  the  Dothan  fine  sandy  loam  used  in  these  studies,  three 
species  of  indigenous  VAMF  were  identified,  with  their  relative 
abundance  in  the  order  of  Gigaspora  ca!ospora>  Acaulospora  sdd.> 
Entrophospora  spp.  In  such  acidic  soil,  Gigaspora  spp.  and 
Acaulospora  spp.  have  been  reported  (Abbott  and  Robson,  1977).  In 
addition,  comparison  of  the  two  estimates  for  MIP  suggests  that  the 
form  of  indigenous  mycorrhizal  inoculum  may  have  included  not  only 
mycorrhizal  spores  but  also  fungal  hyphae  and  other  mycorrhizal 
segments.  This  interpretation  is  supported  by  the  mycorrhizal  spore 
counts  obtained  by  the  wet-sieving  (WS)  technique  which  were  found 
to  be  lower  than  the  propagule  count  obtained  by  the  Most  Probable 
Number  (MPN)  method.  Read  et  al . (1976)  suggested  that  spores  are 
not  the  principal  source  of  inoculum  but  that  "infected"  roots  and 
mycelium  in  the  soil  are  also  important  sources  of  inoculum.  Studies 
by  Porter  (1979)  and  Powell  (1980a)  confirmed  that  the  MPN  technique 
gives  a more  realistic  estimate  of  mycorrhizal  propagules  in  field 
soils  than  does  the  conventional  WS  method. 

The  results  on  dry  matter  production,  mycorrhizal  root 
colonization  (MRC) , and  P uptake  of  the  corn  cultivar-mycorrhizal 
fungi  experiment  (Expt.  II)  indicate  that,  although  differences  in 
growth  were  generally  not  significant,  yet  in  all  cultivars  they 
tended  to  increase  in  inoculated  plants,  indicating  that  the 
indigenous  VAMF  were  less  efficient  not  only  in  terms  of  root 
colonization  but  also  in  promoting  plant  growth.  The  increases  in 
plant  growth  averaged  over  all  cultivars  with  VAMF  inoculation  were 
generally  low,  with  increases  of  only  13,  8,  and  8%  with  G.  macrocarpum. 


G.  intraradices,  and  G.  mosseae,  respectively.  Such  low  levels  of 
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growth  response  to  inoculation  are  generally  expected  in  untreated 
field  soil  (Gerdemann,  1964).  The  absence  of  P fertilization  in  the 
P-deficient  soil  could  have  prevented  the  maximum  expression  of 
growth  response  to  inoculation.  In  a steamed  soil.  Hall  (1978)  found 
that  in  the  absence  of  P fertilization,  one  corn  cultivar  failed  to 
respond  to  inoculation.  Similarly,  Lambert  et  al . (1979)  found  that 
only  one  corn  line  demonstrated  growth  response  to  inoculation 
where  P was  not  applied  in  a steamed  pasteurized  soil.  To  obtain  benefits 
from  inoculation  with  VAMF,  a minimum  threshold  level  of  soil  P is 
generally  required  (Baylis,  1972)  and  low  soil  fertility,  as  found 
in  the  Dothan  soil,  apparently  has  a very  large  influence  on  the 
outcome  of  inoculation  with  VAMF,  particularly  in  untreated  soils 
(Islam  and  Ayanaba,  1981). 

The  absence  of  significant  cultivar  x VAMF  interaction  indicates 
that  under  the  existing  soil  fertility  level,  selection  of  corn 
cultivars  for  response  to  different  VAMF  is  not  required  as  suggested 
by  Crush  and  Caradus  (1980).  Studies  by  0‘Bannon  et  al . (1980)  with 
alfalfa  under  low  P conditions  and  by  Powell  (1982)  with  lotus  and 
white  clover  in  the  presence  of  high  P also  indicated  no  cultivar  x 
VAMF  interaction. 

Root  colonization  by  introduced  VAMF  decreased  root  dry  weight 
to  shoot  dry  weight  ratio  (R:S).  Most  studies  have  shown  that  plants 
inoculated  with  VAMF  had  lower  R:S  than  nonmycorrhizal  plants 
(Mosse  and  Hayman,  1971;  Abbott  and  Robson,  1977). 

Despite  the  absence  of  significant  cultivar  x VAMF  interaction, 
some  evidence  of  host  preference  rather  than  host  specifity  as 
suggested  by  Mosse  (1975)  was  apparent  in  which  (5.  macrocarpum  was 


found  to  be  more  compatible  with  cultivar  McNair  508  as  compared  with 
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the  poor  compatibility  of  G.  intraradices  with  all  cultivars.  Cultivar 
McNair  508  was  more  mycorrhizal  dependent  as  evidenced  by  the 
significant  correlation  between  shoot  dry  weight  and  MRC  in  cultivar 
McNair  508,  implying  the  greater  responsiveness  of  McNair  508  to  VAMF 
inoculation.  The  greater  root  production,  which  offers  sites  of 
colonization  for  VAMF,  and  the  relatively  deficient  nutrient  levels 
of  McNair  508  could  possibly  result  in  its  better  responsiveness  to 
VAMF  inoculation.  In  addition,  differences  in  amounts  of  root  hairs 
(Bay! is,  1972),  root  geometry  (Mosse  et  al . , 1973),  and  plant  growth 
rates  (Hall,  1975)  can  influence  mycorrhizal  dependency  (Menge  et 
al * » 1978b).  Further,  variations  in  almost  all  parameters  recorded 
were  generally  lower  in  cultivar  McNair  508  relative  to  those  in 
cultivars,  Coker  16  and  McCurdy  67-14. 

Considerable  emphasis  has  been  placed  on  the  relationship 
between  plant  growth  and  soil  exchangeable  Al  (Adams  and  Pearson,  1967; 
Kamprath,  1970)  since  in  acid  soils,  heavy  metals  have  been  shown  to 
be  responsible  for  many  observed  effects  of  low  pH  (Coleman  and 
Thomas,  1967). 

Results  of  the  experiment  on  liming  (Expt.  Ill)  with  preselected 
corn  cultivar  McNair  508  as  the  host  plant,  and  where  soluble  P was 
applied  uniformly  in  all  treatments  demonstrate  that  liming 
considerably  neutralizes  soil  exchangeable  Al  and  also  increases  soil 
pH  and  exchangeable  Ca.  The  decrease  in  toxic  levels  of  Al  was 
accompanied  by  greater  root  production  and  generally  better  plant 
growth.  Other  studies  on  the  effects  of  liming  have  demonstrated 
similar  results  (Ragland  and  Coleman,  1959;  Foy  and  Brown,  1964; 

Reeve  and  Sumner,  1970). 


69 


Adaptability  of  different  VAMF  to  varying  levels  of  soil  acidity 
in  relation  to  plant  growth  has  not  been  adequately  studied  even 
though  certain  VAMF  such  as  Acaulospora  spp.  and  Gigaspora  spp.  are 
frequently  observed  in  acid  soils  (Abbott  and  Robson,  1977).  In  this 
study,  the  establishment  of  both  introduced  and  indigenous  VAMF  was 
favorably  stimulated  by  liming,  with  higher  levels  of  MRC  in  plants 
inoculated  with  the  introduced  than  indigenous  VAMF.  Similarly, 

Mosse  et  al . (1973)  have  found  that  VAMF  failed  to  establish  in 
unlimed  soil.  Even  though  inoculation  with  G.  intraradices  resulted 
in  comparable  levels  of  MRC  as  those  of  (5.  macrocarpum  and  G.  mosseae, 
yet  at  all  lime  levels,  plant  growth  response  was  the  least  with 
G.  jntraradices.  As  indicated  by  Graham  et  al . (1982),  positive  root 
colonization  by  VAMF  does  not  mean  that  the  fungus  has  developed 
extensive  external  mycelium  in  the  soil  to  transport  nutrients  and 
consequently,  promote  plant  growth.  In  addition,  Owusu-Bennoah  and 
Mosse  (1979)  have  shown  that  similar  amounts  of  root  colonization  by 
different  VAMF  do  not  have  the  same  effects  on  plant  growth. 

The  lack  of  substantial  growth  differences  as  a result  of 
inoculation  with  VAMF  could  probably  be  due  to  the  limited  amount  of 
P available  for  plant  growth  despite  the  addition  of  50  ppm  P in  the 
form  of  soluble  P.  This  is  further  reflected  in  the  generally  low  P 
concentration  in  plant  tissues  which  was  at  levels  considered 
inadequate  for  proper  corn  growth  and  development. 

.G.  macrocarpum  and  CJ.  mosseae  were  more  responsive  to  liming 
compared  to  G.  intraradices  and  indigenous  VAMF.  Studies  by  Skipper 
and  Smith  (1979)  and  Lambert  and  Cole  (1980)  have  shown  that  G.  mosseae 
is  more  effective  at  high  pH  in  promoting  plant  growth. 
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In  the  untreated  soil  and  in  the  absence  of  host,  all  the  VAMF 
tested  germinated  over  a wide  range  of  pH,  with  greater  germination 
at  higher  levels  of  lime  at  both  14  and  35  days.  Studies  by  Green  et 
al.  (1976)  indicated  that  germination  of  some  VAMF  such  as  G.  mosseae 
is  severely  inhibited  by  low  soil  pH  whereas  Gi gaspora  spp.  are 
generally  more  tolerant  of  soil  acidity.  Similarly,  Daniels  and 
Trappe  (1980)  indicated  that  pH  influences  spore  germination,  with 
maximum  germination  of  Glomus  epiqaeum  occurring  at  pH  7.0  and  7.4. 
However,  in  the  above  studies,  no  attempt  was  made  to  determine  the 
relationship  between  soil  exchangeable  Al  and  spore  germination, 
mycorrhizal  root  colonization,  and  plant  growth  response.  In  the 
current  study,  chlamydospore  germination  of  the  VAMF  tested  at  both 
14  and  35  days  was  more  negatively  correlated  with  soil  exchangeable 
Al , indicating  that  high  levels  of  soil  exchangeable  Al  are  inhibitory 
to  spore  germination. 

Germination  of  chlamydospores  of  both  G.  macrocarpum  and 
.G.  mosseae  at  14  and  35  days  was  highly  negatively  correlated  with 
soil  exchangeable  Al  compared  with  G^.  i ntraradi ces . Mycorrhizal 
association  is  normally  initiated  by  penetration  hyphae  produced 
from  germinated  spores  (Nicolson,  1967).  Thus  failure  of  spores  to 
germinate  abundantly  will  inevitably  result  in  lower  MRC,  and  poor 
plant  growth  response  can  be  expected. 

The  experiment  on  development  of  different  species  of  VAMF  in 
the  host  plant,  corn  cultivar  McNair  508,  indicates  that  both 
introduced  and  indigenous  VAMF  differ  in  rate,  time,  and  intensity 
of  mycorrhizal  formation.  Comparatively  less  root  colonization 
developed  at  14  than  at  35  days,  a finding  in  agreement  with  those 
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of  Manjunath  and  Bagyaraj  (1981)  and  Powell  (1981)  that  percent  MRC 
is  low  in  young  plants  but  increases  to  high  levels  with  time. 
Although  there  was  reasonably  good  MRC,  plants  with  the  introduced 
and  indigenous  VAMF  grew  almost  alike  with  no  significant  difference 
between  them  at  14  days  after  planting.  Lack  of  growth  differences 
at  14  days  may  be  attributed  to  inoculated  plants  that  had  not 
become  mycorrhizal  for  a sufficient  time  to  produce  measurable 
differences.  As  suggested  by  Sutton  (1973),  there  appears  to  be  a 
time  lag  between  mycorrhizal  development  and  its  expression  in  plant 
growth  response  with  the  delay  corresponding  to  the  time  required 
for  spore  germination,  germ  tube  elongation  and  host  penetration  and 
proliferation.  The  lack  of  abundant,  well  formed  arbuscules, 
identified  as  sites  of  nutrient  transfer  between  mycorrhizal  fungi 
and  plant  host  (Gerdemann,  1968),  the  relatively  lower  photosynthetic 
capacity  of  the  host  (Bethlenfal vay  et  al . , 1982a),  and  the  relatively 
lower  root  production  (Sutton,  1973)  at  14  days  are  further 
explanations  for  the  absence  of  growth  differences.  The  introduced 
VAMF  apparently  were  able  to  rapidly  colonize  the  roots  even  though 
at  14  days,  growth  response  was  not  yet  apparent.  Sufficient  P levels 
as  a result  of  the  application  of  100  ppm  P in  the  form  of  North 
Carolina  rock  phosphate  in  this  experiment,  may  have  contributed  to 
the  early  establishment  of  the  VAMF. 

By  35  days  however,  extensive  root  colonization  by  the  introduced 
VAMF  had  a profound  influence  and  became  increasingly  more  efficient 
in  promoting  P uptake  and  consequently,  plant  growth.  Root 
colonization  was  more  significantly  correlated  with  plant  growth  at 
35  than  at  14  days,  indicating  the  ability  of  VAMF  to  improve  P 
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uptake  and  plant  growth  once  successfully  established.  Rapid 
development  of  root  colonization  by  VAMF  depends  on  placement 
(Jackson  et  al . , 1972),  density  (Daft  and  Nicolson,  1969),  spreading 
rate  of  inoculant  and  competitive  ability  of  the  introduced  VAMF 
(towel!,  1981).  Placement  of  the  mycorrhizal  inoculum  in  the  form  of 
chlamydospores  at  200  spores  per  pot  in  close  proximity  to  the  plant 
roots  thus  provides  a favorable  position  for  the  introduced,  more 
efficient  VAMF  to  compete  with  the  relatively  inefficient  and 
randomly  distributed  indigenous  VAMF.  At  35  days,  G.  macrocarpum  was 
the  most  effective  in  promoting  P uptake  and  plant  growth,  with 
increases  of  800  and  433%,  respectively,  over  those  of  indigenous 
VAMF.  Phosphorus  uptake  and  plant  growth  were  generally  lower  in  plants 
inoculated  with  jG.  i ntraradi ces  and  G_.  mosseae  but  yet  significantly 
greater  than  those  of  indigenous  VAMF,  with  increases  in  shoot  dry 
weight  of  220  and  295%  and  P uptake  of  500  and  670%,  respectively. 

The  marked  increase  in  plant  growth  at  35  days  was  also  accompanied 
by  a depletion  of  soil  P,  K,  Mg,  and  Ca,  particularly  in  soils 
inoculated  with  >G.  macrocarpum  and  (3.  mosseae. 

Different  species  of  VAMF  (Mosse,  1972)  and  even  isolates  of 
individual  species  (Carling  and  Brown,  1980)  have  been  shown  to 
exhibit  different  effectiveness  in  promoting  growth  of  a variety  of 
host  plants  (Hall,  1976;  Sanders  et  al . , 1977;  Schenck  and  Smith,  1982). 
Results  of  the  various  experiments  conducted  in  a highly  P-deficient 
untreated  soil  containing  indigenous  VAMF  reflect  differences  in  the 
development  of  VAMF  in  relation  to  their  differences  of  reaction  or 
adaptability  to  soil  factors  such  as  pH,  levels  of  exchangeable  Al , 

P status  and  forms  of  P applied,  and  in  their  interaction  with  the 
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host  plant.  Results  also  indicate  that  certain  introduced  VAMF  can 
become  established  in  competition  with  indigenous  VAMF  with  the 
potential  to  improve  plant  growth.  Abbott  and  Robson  (1982)  suggested 
that,  since  most  soils  contain  VAMF,  for  plants  to  respond  to 
inoculation,  indigenous  VAMF  present  should  be  less  effective  than 
inoculated  fungi  in  the  ability  to  stimulate  efficient  uptake  of 
nutrients.  Viability  test  indicates  that  germination  of  indigenous 
VAMF  was  poor,  with  only  24%  spore  germination  recorded  after  21  days. 
Further,  the  most  abundant  VAMF  in  the  Dothan  soil  was  Gigaspora 
calospora  and  this  species  has  been  reported  to  be  fairly  ineffective 
(Abbott  and  Robson,  1981a).  Studies  in  untreated  soils  (Abbott  and 
Robson,  1977;  Mosse,  1977;  Powell,  1977b)  have  also  demonstrated 
differences  in  VAMF  in  promoting  plant  growth.  Many  of  these  studies, 
however,  have  used  precolonized  transplanted  seedlings  (Khan,  1972; 
Mosse,  1977;  Powell,  1977b)  thus  ensuring  that  the  fungus  is  well 
established  and  interactions  with  indigenous  VAMF  and  other  soil 
microorganisms  are  possibly  avoided. 

The  results  also  demonstrate  that  different  species  of  VAMF, 
when  tested  in  the  same  host  and  soil  and  under  the  same  conditions, 
showed  different  growth  promoting  abilities.  In  all  experiments, 

G.  macrocarpum  was  the  most  efficient  and  G.  intra radices , the  least 
effective.  The  reasons  for  differences  in  effectiveness  can  be 
explained  by  their  reaction  to  different  soil  factors  such  as  soil 
exchangeable  A1 , P status  and  forms  of  P applied.  Differences  may 
also  be  related  to  the  amount  and  distribution  of  external  hyphae  or 
the  ability  of  the  hyphae  from  different  species  to  absorb  and 
transport  nutrient,  particularly  P (Sanders  et  al . , 1977). 
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Mycorrhizal  fungi  have  also  been  shown  to  differ  in  their  rates  of 
root  colonization  (Sanders  et  al . , 1977)  but  evidence  in  these 
studies  indicates  that  for  responses  to  inoculation  to  be  apparent, 
a certain  level  of  MRC  has  to  be  achieved.  In  experiments  II  and  III, 
where  comparable  MRC  were  observed,  growth  differences  were  minimal, 
but  as  levels  of  MRC  increased  markedly,  as  in  experiment  IV, 
differences  became  obvious. 

The  differences  between  VAMF  may  also  be  related  to  the  different 
patterns  and  mechanisms  of  sporulation.  Mycorrhizal  fungi  such  as 
G.  intraradices,  which  sporulate  excessively  and  form  fewer  arbuscules, 
may  deplete  the  hyphae  of  substances  required  for  continued  or 
renewed  growth  (Abbott  and  Robson,  1982).  In  the  untreated  soil,  all 
the  species  of  VAMF  tested  germinated  with  progressively  better 
germination  over  a longer  period  of  time  in  the  presence  (Expt.  II) 
or  absence  (Expt.  Ill)  of  host  plant  and  over  a wide  range  of  pH 
(Expt.  Ill),  and  in  the  absence  (Expt.  II)  or  presence  (Expt.  Ill) 
of  P fertilization.  Optimum  conditions  for  spore  germination 
apparently  are  related  to  conditions  most  suited  to  growth  of  the 
host  plant  (Daniels  and  Trappe,  1980). 

The  published  reports  on  mycorrhizal  uptake  of  elements  other 
than  P are  conflicting  (Mosse,  1973b).  Similarly,  in  the  present 
studies,  no  consistent  trend  in  the  differences  in  K,  Mg,  Ca,  Zn, 
and  Cu  were  evident  with  the  probable  exceptions  of  K,  which  tends 
to  be  higher  in  uninoculated  plants,  and  Cu,  which  tends  to  be 
higher  in  inoculated  plants. 


SECTION  II 


EFFECTS  OF  TWO  ROCK  PHOSPHATE  FERTILIZERS  APPLIED  AT 
DIFFERENT  RATES  ON  INOCULATED  AND  UNINOCULATED 
CORN  (Zea  mays  L. ) 

Introduction 

Plants  require  relatively  large  amounts  of  phosphorus. 
Phosphorus  absorption  from  soils,  particularly  Ultisols  and  Oxisols, 
is  reduced  by  ready  adsorption  of  P onto  soil  colloids  (Fox  et 
al.,  1974).  In  addition,  a large  proportion  of  soil  P is  usually  in 
forms  not  readily  available  to  plants.  Plant  recovery  of  applied  P 
fertilizers  is  frequently  reported  to  be  low  (Hagin  et  al . , 1972). 
Not  only  is  the  concentration  of  P in  soil  solution  usually  low, 
but  P also  moves  very  slowly  in  soil,  mostly  by  diffusion  (Barber 
et  al.,  1963). 

The  chief  benefit  to  plants  of  VAMF  probably  lies  in  the 
better  absorption  of  P,  particularly  in  soils  subject  to  rapid 
fixation  or  where  sparingly  soluble  P fertilizers  such  as  rock 
phosphates  are  used  (Mosse  and  Hayman,  1980).  The  extent  to  which 
plants  are  dependent  on  VAMF  depends  on  among  other  factors,  the 
levels  of  soil  available  P.  In  very  P-deficient  soils,  intensity  of 
root  colonization  by  VAMF  can  be  increased  by  P additions,  but  in 
very  fertile  soils,  high  internal  plant  P concentration  can  make 
plants  less  susceptible  to  VAMF  (Daft  and  Nicolson,  1972). 
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The  previous  cropping  history  of  a soil,  such  as  prolonged 
monoculture,  can  lead  to  a decline  in  propagules  of  VAMF,  depending 
on  host  species  and  fertilizer  treatments  (Kruckelmann,  1975).  This 
suggests  that  inoculation  with  VAMF  would  be  of  little  value  if  the 
VAMF  are  unable  to  survive  or  maintain  their  ability  to  colonize  and 
remain  effective.  It  is  thus  apparent  that  VAMF  selected  for  addition 
to  agricultural  soils  must  be  able  not  only  to  enhance  nutrient 
uptake  but  also  to  persist  in  soil,  thus  eliminating  possible  need 
for  costly  reinoculation  (Abbott  and  Robson,  1982).  - 

The  objectives  of  this  phase  of  the  study  are 

(i)  to  study  the  effects  of  two  rock  phosphates  of  contrasting 
chemical  reactivities  at  different  application  rates  on  corn 
inoculated  and  uninoculated  with  VAMF  and 

(ii)  to  determine  the  need  for  and  feasibility  of  reinoculation 
with  VAMF. 


Literature  Review 

Soil  Phosphorus.  Roots  of  annual  crops  have  a volume  that  is 
usually  less  than  1 t of  the  soil  volume  they  explore  (Barber  et 
al . , 1963).  Hence,  it  would  be  expected  that  roots  will  contact  less 
than  1%  of  the  available  P in  the  soil  solution.  This  amount  is 
usually  a small  percentage  of  the  plant  requirement.  Soil  solution 
is  the  medium  from  which  P is  absorbed  by  plant  roots  (Barber  et 
al.,  1963).  Commonly,  the  concentration  of  P in  soil  solution  is 
around  0.05  ppm  (Barber  et  al.,  1963)  and  is  seldom  higher  than  0.3 
ppm  (Fried  and  Shapiro,  1956)  in  soils  not  influenced  by  P fertilizers 
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Fox  et  al.  (1974)  measured  the  P levels  in  the  soil  solution  and 
found  that  corn  needed  0.06  ppm  P for  95%  maximum  yield. 

Diffusion  is  probably  the  dominant  mechanism  for  the  supply  of 

P to  the  roots  of  plants  growing  in  many  soils  (Bhat  and  Nye,  1973). 

Barber  et  al . (1963)  reported  values  for  the  rate  of  diffusion  of 
3 2 

P in  soil  as  low  as  4 x 10  cm  s Such  slow  diffusion  of  P in 
soil  will  inevitably  result  in  the  development  of  depleted  zones 
around  absorbing  organs  with  the  formation  of  a P concentration 
gradient  extending  almost  perpendicular  to  the  root  (Bhat  and  Nye,  1973). 

It  is  customary  to  describe  soil'  P in  terms  of  the  following 
relationship  (Larsen,  1967). 

nonlabile  P--  ^labile  P— . ^soil  solution  P 

where  equilibrium  is  rapidly  established  between  labile  and  soil 
solution  P and  true  equilibrium  is  seldom,  if  ever,  established 
between  labile  and  nonlabile  pools  of  soil  P.  When  P fertilizers  are 
applied  to  soils,  reactions  occur  which  remove  P from  the  solution 
phase  and  render  the  P less  soluble.  The  effect  is  generally  more 
pronounced  with  water-soluble  P compounds,  particularly  in  acid  soils. 

This  P retention,  more  commonly  referred  to  as  fixation,  plays  an 
important  role  in  determining  the  ultimate  availability  of  fertilizer 
P to  plants. 

Direct  application  of  ground  rock  phosphate  seems  to  be  an 
alternate  economical  means  for  P fertilization.  Responses  from  direct 
application  of  rock  phosphate  seem  to  have  varied  from  those  almost 
equal  to  superphosphate  to  no  response.  The  effectiveness  of  rock 
phosphate  depends  on  its  chemical  and  mineralogical  composition 
(Lehr  and  McClellan,  1972;  Chien,  1978),  soil  pH  (Joos  and  Black,  1950), 
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soil  type  and  properties  (Chu  et  al . , 1962),  time  of  reaction 
(Paauw,  1965),  and  particle  size  (Caro  and  Hill,  1956).  In  general, 
experimental  results  have  shown  that  rock  phosphate  is  most  effective 
when  used  on  acid  soils  that  are  extremely  deficient  in  P 

(Ensminger  et  al . , 1967)  with  sources  of  H+  and  sinks  of  Ca2+  and 

2_ 

H2S04  available  for  rapid  dissolution  of  rock  phosphate  (Khasawneh 
and  Doll,  1978).  The  reaction  of  rock  phosphate  with  soil  can  be 
described  by  the  following  modified  scheme  of  Cabal a-Rosand  and 
Wild  (1982). 


plants 


Rock  phosphate 


Nutrient  Uptake  by  M.ycorrhizal  Fungi.  Mosse  (1957)  was  the  first 


to  compare  the  mineral  composition  of  mycorrhizal  and  nonmycorrhizal 
plants.  Certain  nutrients  were  found  to  be  in  higher  concentration 
in  tissues  of  mycorrhizal  apple  seedlings,  indicating  that  the  growth 
response  reflected  an  improvement  in  plant  nutrition  brought  about  by 
VAMF.  Since  that  time,  a number  of  similar  studies  have  been  conducted 


in  which  P is  consistently  found  in  higher  concentration  in  mycorrhizal 
plants  (Mosse,  1973b;  Gerdemann,  1968;  Tinker  1975a).  Cooper  and  Tinker 
(1978)  measured  the  uptake  and  translocation  of  32P,  65Zn,  and  35S 
by  hyphae  of  VAMF  and  found  the  molar  amounts  of  P,  S,  and  Zn 
translocated  were  in  the  ratio  of  35:5:1,  and  the  mean  fluxes  in  the 
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ratio  of  50:8:1,  evidence  of  a high  relative  efficiency  in  uptake 
and  translocation  for  P rather  than  Zn  or  S. 

Many  investigators  have  analyzed  mycorrhizal  and  nonmycorrhizal 
plants  for  concentrations  of  N,  K,  Ca,  Mg,  Fe,  Cu,  Zn,  and  S.  In 
most  cases,  although  differences  in  concentration  of  these  elements 
were  reported  (Mosse,  1957;  Gerdemann,  1964;  Ross,  1971;  Jackson  et 
al-»  1972 ; Rhodes  and  Gerdemann,  1978;  Lambert  et  al . , 1980;  Powell 
et  al.,  1980a),  results  of  mineral  analyses  of  most  of  these  elements 
were  inconsistent.  In  some  experiments,  these  elements  were  present 
in  higher  concentration  in  mycorrhizal  plants.  In  others,  the 
concentrations  were  higher  in  nonmycorrhizal  plants  or  the  differences 
were  nonsignificant.  For  instance,  Ross  and  Harper  (1970)  found  higher 
foliar  concentration  of  Ca  in  mycorrhizal  plants  but  Vander  Zaag 
(1979)  found  no  evidence  that  VAMF  promoted  Ca  uptake.  Gilmore  (1971) 
found  that  Zn  deficiency  could  be  corrected  by  inoculating  peach 
plants  with  VAMF  but  Benson  and  Covey  (1976)  found  no  increase  in  Zn 
level  by  inoculating  apple  seedlings  with  VAMF. 

However,  it  can  generally  be  concluded  that  uptake  of 
relatively  immobile  nutrients  appears  to  be  frequently  and  positively 
affected  by  inoculation  with  VAMF  (Gilmore,  1971;  Lambert  et  al . , 

1980,  Powell  et  al . , 1980a).  Uptake  of  relatively  mobile  nutrients 
such  as  Ca  or  S may  be  increased  by  inoculation  with  VAMF  but  this 
can  be  partially  attributed  to  improved  P nutrition  (Rhodes  and 
Gerdemann,  1978). 

Phosphorus  Levels  and  Forms  in  Relation  to  Mycorrhizal  Fungi. 

The  relationship  between  plant  growth,  IP  in  the  plant,  degree  of  root 
colonization  by  VAMF,  and  levels  of  available  P in  the  soil  is 
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complicated.  Generally,  levels  of  available  P in  the  soil  appear  to 
be  critical  in  determining  plant  response  to  VAMF.  Where  soil  P is 
high  and  all  other  nutrients  are  supplied  in  readily  available  forms, 
it  is  frequently  difficult  to  obtain  growth  increases  with  VAMF 
inoculation  (Daft  and  Nicolson,  1972).  It  is  only  with  low  P 
availability  that  growth  differences  are  obtained,  as  demonstrated 
by  Ross  (1971),  who  found  that  at  low,  medium,  and  high  P levels, 
yield  increases  due  to  VAMF  were  122,  67,  and  12%,  respectively. 

High  levels  of  P fertilization  increased  internal  concentration  of 
P in  the  plants,  which  considerably  diminished  intensity  of  root 
colonization  and  fungal  spread  within  the  roots  (Sanders,  1975). 

In  addition,  vesicles  were  eliminated  and  arbuscules  became  smaller 
and  fewer  (Mosse,  1973a). 

The  concentration  of  P in  plant  tissue  appears  to  regulate  the 
degree  of  root  colonization  by  VAMF.  Sanders  (1975)  found  that  foliar 
P application  resulted  in  decreased  colonization  by  VAMF.  A similar 
result  was  obtained  by  Menge  et  al . (1978a)  using  split  root 
technique.  These  results  suggest  that  VAMF,  depending  on  the  species, 
host,  and  soil,  require  a minimum  threshold  level  of  either  soil  or 
plant  P,  at  which  level  response  to  inoculation  with  VAMF  can  be 
expected. 

Several  theories  have  been  advanced  to  account  for  the  poor 
incidence  of  response  with  varying  soil  P levels.  The  P toxicity 
concept  was  suggested  by  Mosse  (1973b),  in  which  decreased  root 
colonization  by  VAMF  at  very  high  P levels  were  attributed  to 
supraoptimal  P concentration  in  the  plant  tissues  rather  than  in  the 
soil  solution.  This  was  similar  to  the  findings  of  Sanders  and 
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Tinker  (1973),  who  reported  that  root  colonization  was  negatively 
correlated  with  P levels  in  the  soil;  there  was  no  mention  of  the 
mechanism  of  regulation.  Ratnayake  et  al . (1978)  proposed  that 
the  mechanism  of  P control  of  VAMF  is  associated  with  a membrane- 
mediated  decrease  in  root  exudation.  They  suggested  that  under  P 
sufficient  conditions,  metabolites  required  to  initiate  root 
colonization  by  VAMF  were  not  exuded  from  roots  in  large  enough 
quantities  to  sustain  the  colonization  process.  These  findings, 
however,  did  not  completely  establish  whether  P directly  inhibited 
VAMF  spore  germination  or  disrupted  fungus-host  qompatibil ity , nor 
did  it  identify  the  metabolites  exuded.  Working  with  the  same 
hypothesis,  Graham  et  al . (1981)  further  proposed  that  under  low  P 
nutrition,  increased  root  membrane  permeability  leads  to  a net  loss 
of  metabolites,  identified  as  amino  acids  and  reducing  sugars,  at 
sufficient  levels  to  sustain  the  germination  and  growth  of  the  VAMF 
during  pre-  and  post-colonization.  These  root  metabolites  are  non 
specific  and  have  been  shown  to  stimulate  the  germination  of  VAMF 
(Graham,  1982). 

Interference  with  the  mechanism  involved  in  P trasfer  by  VAMF 
from  soil  to  the  plant  has  also  been  postulated,  in  which  high  soil 
P reduces  the  efficiency  of  the  fungal  transport  pathway  (Asimi  et 
al.,  1980).  This  could  be  enzyme-mediated  since  mycorrhizal -specific 
alkaline  phosphatase  has  been  shown  to  be  sensitive  to  small  variations 
in  P ion  concentration  (Gianinazzi-Pearson  and  Gianinazzi,  1976). 

Although  VAMF  have  frequently  been  shown  to  be  efficient  in 
removing  P from  soil,  current  evidence  points  to  the  fact  that 
mycorrhizal  and  nonmycorrhizal  plants  absorb  P from  similar  pools  of 


82 


soil  P.  Sanders  and  Tinker  (1971),  Hayman  and  Mosse  (1972),  and 
Gianinazzi-Pearson  et  al . (1981)  conducted  experiments  in  which  32P 
was  allowed  to  equilibrate  with  the  labile  pool  of  soil  P.  In  all 
cases,  the  specific  activity  of  P in  plant  tissue  was  similar  for 
mycorrhizal  and  nonmycorrhizal  plants,  indicating  that  both  drew  from 
the  same  pool  of  soil  P.  Barrow  et  al . (1977)  also  provided  evidence 
that  mycorrhizal  roots  utilize  the  same  sources  of  soil  P as 
nonmycorrhizal  roots  and  do  not  appear  to  mobilize  tightly  bound  and 
chemically  unavailable  soil  P to  any  extent. 

Phosphorus  in  soils  can  occur  in  different  chemical  forms, 
principally,  Ca-P,  Fe-P  and  Al-P,  each  of  different  solubility  and 
chemical  availability  (Rajan  and  Fox,  1975).  Ross  and  Gilliam  (1973) 
suggested  that  VAMF  may  have  a positive  influence  on  P uptake  from 
certain  soil  P fractions.  In  their  selective  depletion  study,  they 
found  VAMF  exerted  its  greatest  influence  on  the  soil  P fraction 
most  available  to  soybean,  of  which,  there  was  a greater  difference 
in  the  soil  Al-P  levels  than  in  Fe-P  levels. 

Utilization  of  Sparingly  Soluble  P Sources  by  Mycorrhizal  Fungi. 
Introducing  efficient  VAMF  into  soils  may  reduce  the  requirement  for 
P fertilizers  by  increasing  the  efficiency  of  utilization  of  the 
fertilizer  applied.  Evidence  increasingly  shows  that  when  readily 
available  P is  applied  to  the  soil,  differences  in  growth  between 
mycorrhizal  and  nonmycorrhizal  treatments  will  be  difficult  to  detect. 
However,  when  the  P source  is  slowly  available,  even  when  applied  at 
high  levels  (Powell,  1980b),  mycorrhizal  colonization  levels  are 
unaffected  and  growth  differences  are  apparent.  Daft  and  Nicolson 
(1966)  found  the  relative  improvements  in  growth  of  tomatoes  were 
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greatest  with  tricalcium  phosphate,  less  with  finely  ground  apatite, 
and  least  with  the  more  soluble  dicalcium  phosphate.  Similar  results 
have  been  reported  by  Murdoch  et  al . (1967),  who  noted  that  dry  matter 
production  of  corn  fertilized  with  tricalcium  phosphate  and  rock 
phosphate  was  increased  60  and  40%,  respectively , and  no  increase  in 
plant  growth  was  obtained  when  superphosphate  was  applied.  Ross  and 
Gilliam  (1973)  found  that  mycorrhizal  soybean  outyielded  nonmycorrhizal 
plants  by  79,  530,  0,  and  56%  when  fertilized  with  Al , Fe,  rock  or 
- monocalcium  phosphates,  respectively. 

Application  of  rock  phosphate  in  acid  soils  generally  improved 
growth  of  mycorrhizal  plants  and  inoculation  with  efficient  VAMF 
increased  its  utilization  (Mosse  et  al . , 1976).  Powell  (1979b)  found 
that  the  fertilizer  value  of  superphosphate  decreased  rapidly  over 
successive  harvests,  with  slower  decreases  in  fertilizer  value  of 
rock  phosphate  in  the  VAMF-inoculated  plants.  Increasing  levels  of 
rock  phosphate  has  also  been  shown  to  have  no  significant  effect  on 
root  colonization  by  VAMF  (Powell,  1980b).  Pairunan  et  al . (1980) 
tested  three  P sources  of  different  water  and  citrate  solubilities 
and  at  different  rates  and  found  the  efficiencies  of  P for  plant 
growth  for  mycorrhizal  plants  relative  to  nonmycorrhizal  plants  was 
the  same  for  a water-soluble  and  two  insoluble  sources.  Generally, 
for  each  source,  nonmycorrhizal  plants  required  approximately  1.5 
times  as  much  P as  mycorrhizal  plants  to  achieve  the  same  dry  weight 
of  tops.  Islam  et  al . (1980)  reported  a decrease  in  degree  of  root 
colonization  with  rock  phosphate  application  but  without  affecting 
the  growth  of  cowpea  in  both  pot  and  field  experiments.  Allen  et 
al . (1981)  used  monobasic  phosphate  and  calcium  phytate  in  defined 
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media.  Their  results  suggested  that  forms  of  P in  the  root  environment 
will  influence  the  effect  of  VAMF  on  plant  growth.  It  would  appear 
that  inoculation,  besides  improving  P uptake,  could  also  have  the 
added  advantage  of  permitting  low  energy  cost  P fertilizers  such  as 
rock  phosphate  to  be  used  more  efficiently. 

Mechanisms  of  P Uptake  by  Mycorrhizal  Fungi.  The  interactions 
between  VAMF,  host  and  soil  environment  are  complex  and  appear  to  be 
influenced  by  a myriad  of  interrelated  biochemical,  physiological  and 
environmental  processes.  Experiments  showing  improved  P uptake  by 
mycorrhizal  plants  have  stimulated  research  aimed  toward  achieving 
a better  understanding  of  the  mechanisms  that  enable  VAMF  inoculation 
to  increase  P uptake.  One  mechanism  is  purely  physiological  via  the 
alteration  of  host  metabolism  specifically  with  the  production  of 
alkaline  phosphatase  enzymes  (Gianinazzi-Pearson  and  Gianinazzi,  1978). 
Azcon  et  al . (1978)  speculated  on  the  existence  of  some  hormonal 
influence,  later  confirmed  to  be  cytokinin  (Allen  et  al . , 1980),  which 
may  trigger  increased  root  colonization,  thus  facilitating  the 
utilization  of  P.  Mycorrhizal  root  segments  of  onion  grown  in  sand 
and  given  P nutrient  solution  accumulated  25  times  more  radioactivity 
in  43  hours  than  did  nonmycorrhizal  portions  of  roots  on  the  same 
onion  plants,  and  500  times  more  radioactivity  than  roots  of 
nonmycorrhizal  plants  (Gray  and  Gerdemann,  1969);  evidently,  VAMF 
confer  on  roots  a greater  affinity  for  P.  Autoradiography  studies 
also  showed  a concentration  of  CP  inside  the  VAMF  within  roots 
colonized  by  VAMF  (Bowen  et  al . , 1975). 

An  alternative  way  that  VAMF  may  enhance  P uptake  is  by 
increasing  the  absorbing  surface  of  the  root.  Mycorrhizal  hyphae 
have  a large  surface  to  volume  ratio  (Mosse,  1973b).  This  highly 
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favored  model  proposes  that  these  hyphae  that  grow  from  the  root 

surface  can  act  as  an  extension  of  the  root  absorbing  surface  beyond 

the  zone  explored  by  the  root  hairs  (Hayman,  1978).  Once  taken  up  by 

the  hyphae,  the  P ion  is  protected  against  further  sorption  by  the 

soil,  subsequently  translocated  to  internal  fungal  structures  in 

roots,  and  then  released  and  utilized  by  the  plant  (Mosse,  1981). 

This  ability  of  mycorrhizal  roots  to  absorb  P beyond  the  P depletion 

zone  has  been  demonstrated  by  Hattingh  et  al . (1973).  Using  32P,  they 

showed  that  there  was  an  increased  uptake  when  the  P was  placed  at  a 

distance  of  2-7  cm  from  the  root  surface.  In  addition,  when  the  hyphae 
32 

were  severed,  P transport  was  eliminated  (Pearson  and  Tinker,  1975). 

Another  facet  of  absorption  besides  increasing  absorbing 
surface  was  provided  by  Cress  et  al . (1979).  They  suggested  that  the 
mycorrhizae  effect  may  be  exclusively  associated  with  apparent  site 
affinity  rather  than  with  increased  number  of  absorbing  sites. 
Alternatively,  a mycorrhizal  root  system  may  be  capable  of  utilizing 
nutrient  sources  that  are  unavailable  or  less  available  (Mosse,  1973b) 
but  Barrow  et  al . (1977)  provided  evidence  against  such  a mechanism 
when  they  found  that  mycorrhizal  roots  did  not  mobilize  insoluble 
soil  P.  Owusu-Bennoah  and  Wild  (1980)  tested  the  hypothesis  that 
VAMF  increase  the  desorption  or  solubilization  of  P,  thus  increasing 
the  size  of  the  labile  pool,  but  no  such  evidence  was  obtained. 

Plant  morphological  changes,  such  as  root  hypertrophy 
accompanying  root  colonization  by  VAMF  was  also  proposed  (Tinker,  1975a). 
However,  this  theory  seems  unlikely  since,  according  to  Hayman  (1978), 
mycorrhizal  plants  generally  possess  a lower  root  to  shoot  ratio 
than  nonmycorrhizal  plants.  Considering  that  the  rhizosphere  is 
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inhabited  by  a multitude  of  microorganisms,  it  is  tempting  to 
speculate  that  certain  microorganisms  can  assist  VAMF  in  P uptake. 

Azcon  et  al . (1976)  and  Bagyaraj  and  Menge  (1978)  tested  this 
hypothesis  and  concluded  that  the  synergistic  action  between  VAMF 
and  P-sol ubil izing  bacteria  could  act  as  a possible  mechanism  for 
improving  P availability. 

Persistence  of  Mycorrhizal  Fungi  in  Relation  to  Residual  P. 

An  important  characteristic  of  P fertilizers  is  the  residual  effect, 
particularly  with  rock  phosphate,  which  may  not  be  immediately 
available  upon  addition  but  tends  to  release  its  P gradually  over 
a period  of  time.  Evidence  indicates  that  residual  value  of  applied 
P is  greatest  in  neutral  soils,  somewhat  less  in  alkaline,  calcareous 
soils,  and  least  in  acid,  high  P-fixing  soils  (Khasawneh  and  Doll,  1978). 
Generally,  the  high  P-fixing  capacity  of  acid  soils  can  be  satisfied 
with  high  rates  of  P fertilization.  Kamprath  (1967)  showed  that  an 
application  of  687  kg  per  ha  was  adequate  to  sustain  corn  growth  for 
7 to  9 years.  Such  a high  application  rate  tends  to  quench  the  P- 
fixation  sites,  resulting  in  slower  decline  in  available  P and 
prolongation  of  residual  effects  (Shelton  and  Coleman,  1968). 

Good  establishment,  rapid  spread,  and  persistence  are  necessary 
attributes  of  an  inoculant  fungi  in  ensuring  a successful  inoculation 
program  (Abbott  and  Robson,  1982).  Powell  (1979a)  recorded  a VAMF 
spread  of  0.43  m/year,  Warner  and  Mosse  (1982),  a maximum  spread  of 
22  cm  over  23  weeks  in  the  field,  and  Mosse  et  al . (1982)  obtained  a 
maximum  spread  of  over  2%  m in  15  months,  thus  indicating  the  ability 
of  VAMF  inoculant  to  spread  over  a period  of  time. 
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Koucheki  and  Read  (1976)  recropped  a previously  inoculated 
untreated  soil  and  found  growth  increases  due  to  VAMF  were  sustained. 
During  the  first  harvest,  growth  increase  due  to  VAMF  inoculation 
was  38%,  which  declined  to  6%  by  the  fifth  harvest.  Similar  decline 
in  the  benefits  of  VAMF  inoculant  with  subsequent  cropping  has  been 
reported  (Powell  and  Daniel,  1978a),  presumably  due  to  a depletion 
of  soil  P levels  (Powell,  1979b).  Powell  (1977c)  studied  the  direct 
and  residual  benefits  of  three  VAMF  inoculants  in  two  different  soils. 
In  one  soil,  over  4 harvests,  the  increases  in  dry  matter  were  430 
and  82%  with  Gigaspora  margarita  and  Glomus  fasciculatus , respectively, 
with  Glomus  mosseae  performing  poorly  when  compared  with  the  indigenous 
species.  Mosse  et  al . (1982)  reported  good  establishment  and  residual 
effects  of  a VAMF  inoculant;  at  3 weeks,  plants  in  previously 
inoculated  rows  were  significantly  larger  and  at  9 weeks,  shoot  weight 
in  initially  inoculated  rows  was  17%  more  than  in  uninoculated  rows. 

In  addition,  a remarkable  buildup  of  VAMF  was  observed  21  months 
after  inoculation,  showing  the  ability  of  the  inoculant  to  maintain 
a high  inoculum  potential  with  good  survival  characteristics  beyond 
the  time  of  inoculation. 

Soil  Extraction  Methods  for  Determining  Available  P.  It  is 
commonly  difficult  to  ascertain  the  amounts  of  extractable  P in  the 
soil,  particularly  following  rock  phosphate  application.  Ellis  et 
al . (1955)  reported  that  the  0.002N  H2S04  extractant  solubilized 
unreacted  rock  phosphate.  Ensminger  et  al . (1967),  using  a dilute 
acid  extractant,  found  that  it  dissolved  Ca-P  more  readily  than  Fe- 
or  Al-P.  In  addition,  neutral  NH^F  extracted  less  P from  soils 
receiving  rock  phosphate,  indicating  that  much  of  the  rock  phosphate 
had  not  reacted  with  the  soil. 
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Bray  1 solution  (0.03N[  NH^F  + 0.025^  HC1)  as  developed  by  Bray 
and  Kurtz  (1945)  has  been  used  widely  and  has  been  shown  to  correlate 
plant  response  with  extractable  P from  fertilizer  P in  acid  soils. 
However,  it  does  not  appear  to  dissolve  rock  phosphate  (Dickman  and 
Bray,  1941).  Barnes  and  Kamprath  (1975)  also  found  Bray  1 extractable 
P from  soils  treated  with  rock  phosphate  correlated  closely  with 
plant  yield  and  P uptake  regardless  of  the  changes  in  soil  type,  soil 
pH,  and  source  of  the  rock  phosphate.  Bray  1 extractable  P from  acid 
soils  treated  with  rock  phosphate  appears  to  be  partially  derived 
from  the  unreacted  rock  phosphate,  as  well  as  from  the  reaction 
products,  and  that  both  sources  can  provide  available  P to  the  plant 
(Chien,  1978).  However,  Peaslee  et  al . (1962)  reported  a poor 
correlation  between  two  Iowa  soils  to  which  a Florida  rock  phosphate 
had  been  applied  and  that  anion  exchange  resin  gave  a better 
correlation  than  Bray  1. 

Barnes  and  Kamprath  (1975)  compared  the  extractants,  Mehlich  I 
and  Bray  1,  and  found  that  Mehlich  I extractant  of  Mehlich  (1953)  is 
not  recommended  on  acid  soils  containing  recently  applied  rock 
phosphate,  where  Mehlich  I tended  to  extract  P in  considerable  excess 
of  that  obtained  by  Bray  1.  Following  this,  a new  extractant, 
having  the  composition  0.2N  NH4C1  + 0.2N  HOAc  + 0.015N  NH^F  + 0.012N^ 

H Cl  at  a pH  of  approximately  2.5,  was  developed  by  Mehlich  (1978b) 
to  offer  the  desirable  buffer  properties  for  simultaneous  extraction 
of  P and  Ca  from  soils  treated  with  rock  phosphate.  Phosphorus  uptake 
by  millet  was  found  to  be  highly  correlated  with  the  P extracted  by 
the  new  extractant  (Mehlich  II),  Bray  1 and  Mehlich  I (Mehlich,  1978b). 
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Materials  and  Methods 

Greenhouse  Experiments  and  Germination  Test.  On  the  basis  of 
the  growth  response  obtained  from  experiments  reported  in  Section  I, 
Glomus  macrocarpum  and  corn  cultivar  McNair  508  were  selected  for 
the  following  studies. 

Two  experiments  are  reported  in  this  section.  In  the  first 
experiment,  the  effects  of  two  rock  phosphates  at  different 
application  rates  were  evaluated  as  measured  by  growth  response 
and  spore  germination. 

Air-dry  soil  was  initially  mixed  with  50,  100,  and  200  ppm  P 
of  North  Carolina  (30.5%  P205)  and  Utah  rock  phosphates  (27.4%  P205) 
on  an  equivalent  pot  basis,  and  allowed  to  incubate  for  2 weeks  at 
field  capacity.  At  the  end  of  2 weeks,  soils  were  air-dried,  remixed 
with  2 meq  Ca(0H)2  liming  material,  incubated  for  1 week,  air-dried, 
and  packed  into  pots  at  1.5  kg  per  pot.  Soils  were  inoculated  with 
200  chlamydospores  of  £.  macrocarpum  and  10-ml  spore  wash  pipetted 
into  each  pot.  Two  pregerminated  corn  seedlings  were  tanspl anted 
into  each  pot  and  7 days  later,  thinned  to  one  per  pot.  Plants  were 
grown,  fertilized,  and  assessed  as  described  previously.  Following 
the  first  harvest,  another  crop  of  corn  was  grown  to  assess  the 
residual  effects  of  both  rock  phosphate  and  the  inoculum  of 
£.  macrocarpum,  and  harvested  after  35  days.  The  design  used  was  a 
randomized  complete  block  with  6 replicates  per  treatment. 

In  the  spore  germination  studies,  30  spores  of  G_.  macrocarpum 
collected  on  Millipore  filters  of  0.45  urn  pore  size  were  incubated 
in  a tray,  as  described  previously  in  experiment  III  of  Section  I, 
and  sampled  at  14  and  35  days  for  the  determination  of  spore 
germination.  There  were  6 replicates  for  each  treatment. 
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To  ensure  reproducibil ity  of  the  data  obtained,  both  of  the 
above  experiments  were  repeated. 

On  the  basis  of  the  growth  response  obtained  from  experiment  I, 
previously  inoculated  and  uninoculated  soils,  both  previously 
fertilized  with  North  Carolina  rock  phosphate  at  the  highest  rate 
of  application  (200  ppm),  were  selected  for  the  following  study.  In 
experiment  II,  the  need  for  VAMF  reinoculation  was  assessed  with  the 
following  new  treatments: 


Table  19.  Effects  of  reinoculation  with  mycorrhizal  fungus: 
experimental  treatments. 


Previous  treatment 

New  treatment 

Uninoculated 

Uninocul ated 

Uninocul ated 

Inocul ated 

Inoculated 

Uninoculated 

Inoculated 

Inocul ated 

Soils  with  roots,  from  the  previous  original  and  repeat 

experiments  were  left  to  dry  for  a week,  then  bulked,  and  mixed 

thoroughly.  The  soils  were  then  packed  into  pots  at  0.75  kg  per 

pot.  Two  hundred  spores  of  £.  macrocarpum  were  used  to  inoculate 

the  appropriate  treatment  pots.  Plants  were  grown,  fertilized,  and 

assessed  as  described  previously.  The  design  used  was  a randomized 

complete  block  with  10  replicates  per  treatment. 

Both  experiments  I and  II  were  conducted  in  a greenhouse 

with  midday  photosynthetically  active  radiation  (PAR)  ranging 

-2  -1 

between  850  to  1450  uE  m s and  temperature  ranging  between 
29  C to  38  C. 
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Soil  Extraction  for  Available  P.  Soils  collected  at  the  end  of 
the  second  harvest  of  experiment  I were  air-dried  and  passed 
through  a 2-mm  screen,  then  extracted  with  0.025N^  H2S04  + 0.05N  HC1 
Mehlich  I solution  (Mehlich,  1953),  0.03N  NH4F  + 0.025N  HC1  Bray  1 
solution  (Bray  and  Kurtz,  1945),  and  0.2N  NH4C1  + 0.2N  HOAc  + 0.015N 
NH4F  + 0.012N_  HC1  Mehlich  II  solution  (Mehlich,  1978b),  at  a soil 
solution  ratio  of  1:5,  1:10,  and  1:10,  respectively,  and  a shaking 
time  of  5 minutes.  Phosphorus  in  the  extracts  was  determined  by  the 
ascorbic  acid  method  (Watanabe  and  Olsen,  1965). 

Statistical  Analysis.  Analysis'  of  variance  for  a complete  block 
design  and  Duncan's  Multiple  Range  Test  ( DMRT)  for  mean  comparison 
were  used  to  analyze  and  interpret  the  data.  The  methods  of 
statistical  analysis  were  processed  by  Statistical  Analysis  System 
(SAS)  computer  procedure. 

Results 

Chemical  analysis  of  rock  phosphate  fertilizers.  Chemical 
analysis  of  North  Carolina  rock  phosphate  (NCRP)  and  Utah  rock 
phosphate  (URP)  are  given  in  Table  20.  Total  P205  was  slightly 
higher  in  NCRP  than  in  URP  and  citrate  soluble  Po0c  was  much 

l.  b 

higher  in  NCRP  than  in  URP  indicating  that  NCRP  is  more  chemically 
reactive  than  URP.  In  addition,  NCRP  contained  more  accessory 
elements  of  CaO,  Fe^,  Al^,  F,  Na20  and  MgO  than  URP  but  contents 
of  K20  and  Si02  were  higher  in  URP  than  NCRP. 

Experiment  I 

Soil  chemical  analysis  before  cropping.  Selected  soil  chemical 
properties  before  and  after  additions  of  lime  (2  meq/100  g)  and 
before  cropping  are  shown  in  Table  21.  Application  of  P,  particularly 
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in  the  form  of  NCRP,  was  accompanied  by  a slight  increase  in  pH,  both 
before  and  after  liming.  At  a P application  of  200  ppm,  the  increase 
in  pH  before  liming  was  as  high  as  0.41  units  with  NCRP  but  with  URP, 
at  equivalent  P rate,  the  increase  was  less  with  only  0.11  unit 
increase.  Substantial  increases  in  P levels  were  recorded  following 
rock  phosphate  application.  With  NCRP,  P levels  were  slightly  higher 
after  liming  but  with  URP,  liming  decreased  P levels  at  all  rates  of 
P applied.  Similarly,  more  Ca  was  extracted  following  rock  phosphate 
application  with  greater  Ca  levels  at  higher  P rates.  Application  of 
P in  the  form  of  NCRP  decreased  soil  exchangeable  A1  both  before  and 
after  liming,  with  negligible  changes  obtained  with  URP.  Percent  A1 
saturation  of  the  ECEC  was  reduced  from  78.8  to  47.1%  with  NCRP 
before  liming  and  from  12.6  to  4.3%  after  liming,  both  at  200  ppm 
of  P application. 

Growth  response  and  mycorrhizal  root  colonization.  In  general , 
corn  foliage  yields  were  improved  with  P application  in  both  crops  1 
and  2 (Table  22,  Figs.  13  and  14).  Despite  no  further  P application, 
foliage  yields  were  generally  greater  in  crop  2 with  foliage  yield 
varying  more  in  crop  2 than  in  crop  1.  Increasing  the  rates  of  P 
applied  resulted  in  improved  foliage  yields.  Phosphorus  source  x 
VAMF  x P rate  interaction  was  significant  in  both  crops  1 and  2 
(P<  0-01  and  P<  0.05,  respectively) (Tab! e 23).  All  first  order 
interactions  and  main  effects  were  significant  in  both  crops  1 and  2 
(P<  0.01). 

Inoculation  with  G.  macrocarpum  significantly  improved  foliage 
yields  at  all  rates  of  P applied,  particularly  with  NCRP.  Similar 
responses  were  obtained  in  the  repeat  experiment  (Table  A-5).  In 


Table  22.  Effects  of  two  rock  phosphate  sources  applied  at  different 
rates  on  inoculated  and  uninoculated  corn:  growth  response 
and  mycorrhizal  root  colonization  (MRC).t 
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t Values  are  means  of  6 replicates  and  plants  wore  inoculated  with  Glomus  iiiarrocai puri. 

For  each  crop  and  for  each  rock  phosphate,  values  within  a column  followed  L>y  the  same  lower-case 
and  upper-case  letters,  respectively,  are  not  significantly  different  at  P-0.05  according  to  OMRT . 
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Fig.  13  Effects  of  two  rock  phosphate  sources  applied  at  different  rates  on 
inoculated  and  uninoculated  corn:  foliage  dry  weight  at  crop  1. 
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Fig.  14  Effects  of  two  rock  phosphate  sources  applied  at  different  rates  on 
inoculated  and  uninoculated  corn:  foliage  dry  weight  at  crop  2. 


Table  23.  Analysis  of  variance  of  foliage  dry  weight(DW)  and  mycorrhizal  root  colonization 
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general,  higher  foliage  yields  were  obtained  at  200  ppm  P in  both 
inoculated  and  uninoculated  treatments.  In  crop  1 (Fig.  13),  with 
NCRP , where  P was  not  applied,  there  was  no  improvement  in  foliage 
yield  with  inoculation  but  at  50,  100,  and  200  ppm  P,  yield 
improvements  relative  to  the  uninoculated  treatments  were  39,  60,  and 
58%,  respectively.  In  addition,  comparable  and/or  higher  foliage 
yields  can  be  achieved  with  inoculation  at  lower  P rates.  The  maximum 
foliage  yield  with  NCRP  in  the  uninoculated  treatments  was  1.55  g at 
a rate  of  200  ppm  P,  which  was  only  slightly  higher  than  in  the 
inoculated  treatments  at  50  ppm  (1.38  g)  but  lower  than  at  100  ppm 
P (1.99  g),  and  much  lower  than  at  200  ppm  P (2.45  g). 

An  almost  similar  pattern  was  evident  in  crop  2 despite  no 
further  P application  nor  inoculation.  With  NCRP,  responses  to 
inoculation  with  VAMF  were  very  large  in  crop  2 (Fig.  14),  with 
yield  improvements  of  58,  143,  and  66%  at  rates  of  50,  100,  and  200 
ppm  P,  respectively.  With  URP,  such  large  growth  increases  with 
inoculation  were  not  apparent  in  crop  1 but  were  obvious  in  crop  2 
even  though  foliage  yields  were  much  less  when  compared  with  NCRP, 
with  increases  of  52,  73,  and  38%  at  50,  100,  and  200  ppm  P, 
respectively. 

Total  foliage  yields  from  two  consecutive  crops  are  presented 
in  Fig.  15.  Increasing  the  rate  of  P applied  tended  to  promote  greater 
total  foliage  yields  in  both  inoculated  and  uninoculated  treatments. 

The  responses  were  greater  with  NCRP  than  URP.  With  NCRP,  at  0,  50, 

100,  and  200  ppm  P,  total  foliage  yields  in  the  uninoculated 
treatments  were  1.32,  1.95,  2.20,  and  3.51  g,  respectively , and  in 
the  inoculated  treatments,  total  foliage  yields  were  1.24,  2.91, 

4.32,  and  5.71  g,  respectively.  With  URP,  at  0,  50,  100,  and  200  ppm  P, 
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Fig.  15  Effects  of  two  rock  phosphate  sources  applied 

at  different  rates  on  inoculated  and  uninoculated 
corn:  total  foliage  dry  weight  for  two  consecutive 
crops. (NCRP=North  Carolina  rock  phosphate,  URP= 
Utah  rock  phosphate) . 
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total  foliage  yields  in  the  uninoculated  treatments  were  1.30,  1.31, 
1.44,  and  1.55  g,  respectively,  and  in  the  inoculated  treatments, 
total  foliage  yields  were  1.25,  1.56,  2.15,  and  1.84  g,  respectively. 
Foliage  yield  improvements  following  inoculation  with  NCRP  were  49, 

96,  and  63%  and  with  URP,  19,  49,  and  19%  at  50,  100,  and  200  ppm  P, 
respectively. 

Plants  were  well  colonized  with  mycorrhizal  fungi  in  both  crops 
1 and  2 (Table  22,  Figs.  16  and  17).  In  general,  mycorrhizal  root 
colonization  (MRC)  was  higher  in  crop  2 than  in  crop  1 except  in  the 
uninoculated  treatments  receiving  URP  in  crop  2 where  MRC  levels 
were  considerably  lower.  In  addition,  MRC  was  generally  low  where 
no  P was  applied  but  tended  to  increase  with  P application  in  both 
inoculated  and  uninoculated  treatments.  However,  MRC  by  the 
indigenous  VAMF  in  the  uninoculated  treatments  was  relatively  low 
with  the  maximum  MRC,  14.0%  obtained  in  crop  1 and  22.3%  in  crop  2. 
Inoculation  with  G.  macrocarpum  significantly  increased  MRC  at  all 
rates  of  P application,  ranging  from  14.6  to  47.0%  in  crop  1 and 
11.9  to  49.8%  in  crop  2.  Phosphorus  source  x VAMF  x P rate  interaction 
for  MRC  was  significant  in  both  crops  1 and  2 (P<  0.01)(Table  23). 

In  addition,  all  first  order  interactions  (except  VAMF  x P source 
interaction  in  crop  1)  were  significant  (P<  0.01)  and  all  main 
effects  (except  P source  in  crop  1)  were  significant  in  both  crops  1 
and  2 (P<  0.01). 

Foliage  yields  were  significantly  correlated  with  MRC  (Table  29). 
Correlation  coefficients  between  foliage  yields  and  MRC  in  both  crops 
1 and  2 were  identical  (r=0.59)  implying  no  difference  in  effects  of 
levels  of  MRC  in  promoting  foliage  yields  between  crops  1 and  2. 
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Fig.  17  Effects  of  two  rock  phosphate  sources  applied  at  different  rates  on 
inoculated  and  uninoculated  corn:  mycorrhizal  root  colonization  at 
crop  2. 
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Nutrient  concentrations  and  P uptake.  Phosphorus  concentrations 
of  foliage  were  significantly  affected  by  the  various  treatments  in 
both  crops  1 and  2 (Table  24).  Phosphorus  concentrations  were  higher 
with  NCRP  than  with  URP  at  all  rates  of  P applied  and  in  both 
inoculated  and  uninoculated  treatments.  In  general,  no  differences 
in  P concentrations  were  evident  between  crops  1 and  2 in  uninoculated 
treatment  but  a slight  decrease  was  apparent  in  crop  2 in  the 
inoculated  treatments  with  both  NCRP  and  URP,  thus  indicating  a 
dilution  effect.  In  addition,  P concentrations  of  foliage  were 
significantly  higher  in  inoculated  plants  with  both  NCRP  and  URP  at 
all  rates  of  P application.  Where  P was  not  applied,  differences  in 
P concentrations  between  inoculated  and  uninoculated  treatments  were 
not  significant.  In  both  crops  1 and  2,  maximum  P concentration  with 
NCRP  and  URP  in  uninoculated  plants  was  achieved  at  200  ppm  P but 
equivalent  or  higher  P concentrations  in  inoculated  plants  were 
obtained  at  50  ppm  P. 

Phosphorus  source  x VAMF  x P rate  interaction  for  P concentration 
was  not  significant  in  either  crops  1 or  2 (Table  25).  In  crop  1,  all 
first  order  interactions  and  main  effects  of  P source,  VAMF,  and  P 
rate  were  significant  (P<  0.01).  In  crop  2,  however,  VAMF  x P source 
interaction  was  not  significant  but  VAMF  x P rate  and  P source  x P 
rate  interactions  were  significant  (P<  0.05  and  P<  0.01,  respectively). 
As  in  crop  1,  all  main  effects  were  highly  significant  (P<  0.01). 

Phosphorus  uptake  data  of  both  crops  1 and  2 (Table  24,  Figs. 

18  and  19)  indicate  that  in  general,  P uptake  followed  a similar 
trend  as  foliage  yields  suggesting  that  foliage  yield  responses  were 
a function  of  plant  available  P.  Higher  P uptake  was  obtained  with 


Table  24.  Effects  of  two  rock  phosphate  sources  applied  at  different 
rates  on  inoculated  and  uninoculated  corn:  P concentration 
and  P uptake  of  foliage,' 
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inoculated  and  uninoculated  corn:  P uptake  of  foliage  at  crop  1. 
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NCRP  than  URP  and  increasing  the  rates  of  P applied  further  improved 
P uptake.  In  addition,  marked  increase  in  P uptake  was  apparent  with 
VAMF  inoculation  with  both  NCRP  and  URP  and  at  all  rates  of  P applied. 
With  NCRP,  at  50,  100,  and  200  ppm,  inoculation  increased  P uptake 
by  102,  134,  and  96%,  respectively  in  crop  1 and  by  94,  187,  and 
78%,  respectively  in  crop  2.  In  crop  1,  no  increase  in  P uptake  was 
evident  with  URP  applied  at  50  ppm  but  at  100  and  200  ppm  P,  increases 
were  65  and  16%,  respecti vely . As  with  NCRP,  VAMF  inoculation  further 
increased  P uptake  in  crop  2 with  increases  of  64,  110,  and  84%  at 
50,  100,  and  200  ppm  P,  respectively. 

Phosphorus  source  x VAMF  x P rate  interaction  was  significant 
in  crops  1 and  2 (P<  0.01  and  P<  0.05,  respectively)  and  all  first 
order  interactions  and  main  effects  of  VAMF,  P source,  and  P rate 
were  highly  significant  (P<  0.01)(Table  25). 

Total  P uptake  over  the  two  consecutive  crops  is  shown  in  Fig. 
20.  In  the  uninoculated  treatments,  with  NCRP  at  50,  100,  and  200 
ppm  P,  uptake  of  P were  1.89,  2.52,  and  4.56  mg.  In  the  inoculated 
treatments,  P uptake  were  considerably  higher  with  values  of  3.72, 
6.49,  and  8.43  mg,  respectively.  The  increases  in  P uptake  due  to 
inoculation  were  97,  158,  and  85%,  respectively.  With  URP,  at  50, 

100,  and  200  ppm  P,  uptake  of  P in  the  uninoculated  treatments  were 
considerably  lower,  with  values  of  1.13,  1.16,  and  1.26  mg, 
respectively,  and  in  the  inoculated  treatments,  P uptake  were  1.37, 
2.20,  and  1.88  mg,  respectively . The  improvements  due  to  inoculation 
were  21,  90,  and  49%  at  50,  100,  and  200  ppm  P,  respectively. 

Potassium,  Mg,  Ca  (Table  26)  and  Zn  (Table  27)  concentrations 
of  foliage  were  generally  lower  in  the  inoculated  treatments  with 


no 


Table  26.  Effects  of  two  rock  phosphate  sources  applied  at  different  rates  on 
inoculated  and  uninoculated  corn:  K,  Mg,  and  Ca  concentrations  of 
fol iage. ' 
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lor  each  crop  and  for’  each  rock  phosphate,  values  within  a column  and  within  a row  followed  try  the  same  lower-case  and  upper 
case  letters,  respectively,  are  not  significantly  different  at  P^U.OO  accord inci  to  HMRT. 


TabTe  27.  Effects  of  two  rock  phosphate  sources  applied  at  different 
rates  on  inoculated  and  uninoculated  corn:  Zn  and  Cu 
concentrations  of  foliage.' 
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both  NCRP  and  URP  at  almost  all  rates  of  P applied  and  in  both  crops 
1 and  2.  Copper  concentration  of  foliage  (Table  27)  however,  tended 
to  be  higher  in  the  inoculated  treatments.  In  addition,  K and  Zn 
concentrations  were  significantly  higher  in  plants  receiving  URP 
than  those  receiving  NCRP.  Levels  of  Ca  and  Cu  were  slightly  higher 
with  NCRP  than  URP  but  differences  were  generally  not  significant. 
Between  crops  1 and  2,  K,  Mg,  and  Zn  levels  were  generally  higher 
in  crop  2 but  Ca  and  Cu  were  higher  in  crop  1. 

Germination  of  chi amydos pores  of  Glomus  macrocarpum.  Where  no 
P was  applied,  germination  of  GL  macrocarpum  was  relatively  poor  at 
14  and  35  days  but  with  P application,  germination  was  favorably 
stimulated  (Table  28,  Figs.  21  and  22).  Increasing  P rates  of  NCRP 
and  URP  significantly  increased  spore  germination,  with  maximum 
germination  obtained  at  the  highest  rate  of  P application  (200  ppm  P). 
Similar  responses  were  obtained  in  the  repeat  experiment  (Table  A-6) . 

At  14  days,  maximum  germination  were  62.4  and  55.6%  with  NCRP  and 
URP,  respectively  and  at  35  days,  83.6  and  84.3%,  respecti vely.  At 
14  days,  percent  spore  germination  was  significantly  higher  with 
NCRP  but  over  an  extended  period  of  time,  differences  became  negligible 

Spore  germinations  at  both  14  and  35  days  were  significantly 
correlated  with  foliage  yields  and  MRC  (Tables  29  and  30,  respectively) 
Spore  germination  was  more  highly  correlated  with  foliage  yields  at 
14  than  at  35  days  in  both  crops  1 and  2 (r=0.61  and  r=0.64, 
respectively).  Similarly,  spore  germination  was  more  highly  correlated 
with  MRC  at  14  than  at  35  days  in  both  crops  1 and  2 (r=0.70  and 
r=0.81,  respectively)  with  higher  correlations  evident  in  crop  2 
than  in  crop  1. 
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For  each  time  period,  means  within  a row  and  within  a column  followed  by  the  same  letter  are 
not  significantly  different  at  P=0.05  according  to  DMRT. 


% Germination  71  ^ Germination 
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70  r 


P Rates,  ppm 

North  Carolina — Utah 


Rock  Phosphates 

g.  21  Effects  of  two  rock  phosphate  sources  applied  at 
different  rates  on  chlamydospore  germination  of 
G.  macrocarpum  at  14  days. 
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P Rates,  ppm 

North  Carolina Utah- 

Rock  Phosphates 


Fig.  22  Effects  of  two  rock  phosphate  sources  applied  at 
different  rates  on  chlamydospore  germination  of 
G.  macrocarpum  at  35  days. 
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Table  29.  Correlation  between  foliage  yield  and  mycorrhizal  root 
colonization(MRC)  and  chlamydospore  germination. 


Parameter 

Correlation 

coefficient 

PR  > F 

Crop  1 

Spore  germination 

14  days 

0.61 

0.0001 

35  days 

0.48 

0.0006 

MRC 

0.59 
Crop  2 

0.0001 

Spore  germination 

14  days 

0.64 

0.0001 

35  days 

0.54 

0.0001 

MRC 

0.59 

0.0001 
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Table  30.  Correlation  between  mycorrhizal  root  colonization  and 
chlamydospore  germination. 


Parameter 

Correl ation 
coefficient 

PR  > F 

Crop  1 

Spore  germination 

14  days 

0.70 

0.0001 

35  days 

0.59 
Crop  2 

0.0001 

Spore  germination 

14  days 

0.81 

0.0001 

35  days 

0.77 

0.0001 
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Soil  chemical  analysis  after  cropping.  The  amount  of  soil  P 
extracted  varied  with  the  nature  of  extractants  (Table  31).  Bray  1 
(B-l)  and  Mehlich  II  ( M- 1 1 ) extracted  slightly  more  P than  Mehlich  I 
(M-I)  in  soils  fertilized  with  NCRP.  In  soils  fertilized  with  URP, 
more  P was  extracted  by  M-I  than  B-I  or  M-I I . In  general,  levels  of 
P remaining  in  the  soil  after  two  consecutive  crops  were  significantly 
lower  in  inoculated  plants  at  all  rates  of  P applied.  Variability  in 
the  P levels  extracted  by  different  extractants  were  generally  low 
with  coefficients  of  variation  of  6.5,  6.6,  and  9.4%  with  B-l,  M-I, 
and  M-I I,  respectively . 

Phosphorus  as  extracted  by  the  different  extractants  was 
positively  correlated  with  total  foliage  yields  (Table  34).  Mehlich  I 
extractable  P was  poorly  correlated  (r=0.38)  with  total  foliage  yields 
while  B-l  and  M-II  extractable  P were  more  highly  correlated 
(r=0.81  and  r=0.80,  respectively). 

After  two  consecutive  crops,  soil  pH  dropped  markedly  in  all 
treatments  (Table  32).  However,  where  P was  applied  either  as  NCRP  or 
URP,  slightly  higher  soil  pH  was  maintained.  Sufficiently  high  levels 
of  Ca  were  present  despite  two  consecutive  crops  of  corn,  at  all  rates 
of  P applied.  Levels  of  Ca  were  higher  at  higher  P rates  with  slight 
reductions  in  Ca  levels  apparent  in  the  uninoculated  treatments 
even  though  the  differences  were  not  significant.  Both  pH  and  Ca 
levels  were  positively  correlated  with  foliage  yields  (r=0.47  and 
r=0.38,  respectively) (Tabl e 34). 

Levels  of  K,  Mg,  and  Zn  remaining  in  the  soil  (Table  33)  tended 
to  be  lower  in  the  inoculated  treatments.  Magnesium  and  Zn  levels, 
however,  were  generally  higher  in  the  inoculated  treatments  with  URP 
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Table  32.  Soil  pH  and  calcium  after  cropping  as  affected  by  two  rock 
phosphate  sources  applied  at  different  rates. t 
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but  not  with  NCRP.  These  differences  were  generally  not  significant. 
Potassium,  Mg,  and  Zn  levels  in  the  soil  were  negatively  correlated 
with  total  foliage  yields  (Table  34)  with  the  greatest  negative 
correlation  between  K and  foliage  yields  (r=-0.79)  indicating  that 
higher  foliage  yields  were  associated  with  lower  K,  Mg,  and  Zn  levels 
in  the  soil . 

Experiment  II 

Growth  response  and  mycorrhizal  root  colonization.  Reinoculation 
of  both  previously  uninoculated  and  inoculated  treatments  did  not 
improve  foliage  yields  (Table  35).  Highest  foliage  yield  (5.25  g) 
was  produced  in  uninoculated  plants  of  previously  inoculated  treatments, 
which  was  only  2%  greater  than  the  corresponding  reinoculated  plants. 
Foliage  yields  were  163%  higher  in  the  uninoculated  plants  of 
previously  inoculated  treatment  than  in  inoculated  plants  of  previously 
uninoculated  treatment  indicating  the  persistence  of  VAMF  from  the 
original  inoculation. 

Levels  of  MRC  were  generally  higher  in  both  inoculated  and 
uninoculated  treatments.  Inoculation  of  previously  uninoculated 
treatment,  increased  levels  of  MRC  by  66%  while  no  significant 
increase  was  evident  with  reinoculation  in  the  previously  inoculated 
treatment.  On  the  average,  previously  inoculated  treatments  had 
greater  MRC  (62%)  when  compared  to  those  of  previously  uninoculated 
treatments  (33%). 

Nutrient  concentrations  and  P uptake.  Levels  of  P in  the  foliage 
were  significantly  higher  in  the  previously  uninoculated  than 
previously  inoculated  treatments  even  though  foliage  yields  were 
higher  in  the  latter  than  in  the  former,  thus  indicating  evidence  of 
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Table  34.  Correlation  of  total  foliage  yield  and  soil  pH,  P as 
extracted  by  different  extractants  and  Mehlich  I 
extractable  K,  Mg,  Ca,  and  Zn. 


Parameter 

Correl ation 
coefficient 

PR>  F 

pH 

0.47 

0.0001 

Mehlich  I-P 

0.38 

0.0001 

Bray  1-P 

0.81 

0.0001 

Mehlich  I I-P 

0.80 

0.0001 

Mehlich  I extractable 

K 

-0.79 

0.0001 

Mg 

-0.37 

0.0002 

Ca 

0.38 

0.0001 

Zn 

-0.34 

0.0001 

Table  35.  Growth  response,  mycorrhizal  root  colonization  (MRC),  nutrient  concentrations 
and  P uptake  of  corn  foliage  at  35  days  after  planting  as  affected  by 
reinoculation  with  Glomus  macrocarpum. * 
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dilution  effect.  Phosphorus  concentration  was  highest  in  inoculated 
plants  of  previously  uninoculated  treatment  and  the  least  in 
uninoculated  and  reinoculated  plants  of  previously  inoculated  treatment, 
with  both  having  identical  levels  of  P in  the  foliage  (0.12%).  Since 
P concentration  in  the  foliage  was  much  higher  in  the  previously 
uninoculated  treatments,  plants  accumulated  similar  amounts  of  P 
except  in  the  inoculated  plants  of  previously  uninoculated  treatment 
which  accumulated  significantly  less  P. 

Potassium,  Mg,  Zn,  and  Cu  concentrations  of  foliage  were 
significantly  lower  in  previously  inoculated  treatments.  Levels  of 
Mg  were  however,  lower  in  previously  uninoculated  treatments. 

Inoculation  in  the  previously  uninoculated  treatments  resulted  in 
higher  levels  of  K,  Mg,  Ca,  and  Zn.  However,  in  the  previously 
inoculated  treatments,  reinoculation  generally  provided  lower  levels 
of  K,  Mg,  Ca,  and  Zn.  In  plants  that  remained  uninoculated,  Cu 
concentration  in  the  foliage  was  the  highest. 

Soil  chemical  analysis  after  cropping.  Soil  pH  of  inoculated 
plants  of  both  previously  inoculated  and  uninoculated  treatments 
generally  had  higher  pH,  with  the  highest  in  inoculated  soil  of 
previously  inoculated  treatment  (pH=5.46),  and  the  lowest  in 
uninoculated  soil  of  previously  uninoculated  treatment  ( pH= 5 . 29 ) 

(Table  36).  Levels  of  P and  K declined  with  further  cropping.  Lower 
levels  of  P and  K remained  in  soil  of  previously  inoculated  treatment 
unlike  soil  Mg,  Ca,  Zn,  and  Cu  which  were  higher  in  both  previously 
inoculated  treatments. 
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Discussion 

Chemical  analysis  of  the  soil  before  cropping  and  after  rock 
phosphate  addition  indicated  that  rock  phosphate  application 
increased  levels  of  P in  the  soil  both  before  and  after  liming.  While 
levels  of  P as  a result  of  P application  in  the  form  of  NCRP  tended 
to  increase  with  liming,  levels  tended  to  decrease  with  URP 
application,  indicating  that  the  dissolution  of  P from  URP  is  favored 
by  acidic  soil  reaction.  Yost  et  al . (1982)  observed  a similar 
trend  of  a decline  in  P levels  with  less  soluble  rock  phosphates 
when  soils  were  limed. 

Differences  in  soil  pH,  exchangeable  Ca  and  Al  were  also 
observed  as  a result  of  the  application  of  the  different  rock  phosphates. 
The  effects  of  the  different  rock  phosphates  on  soil  pH  vary  from  a 
negligible  effect  to  a slight  increase  in  pH  ranging  from  0.05  to 
0.41  units,  depending  on  the  rate  of  P applied  and  the  reactivity  of 
the  rock  phosphate.  Similar  observations  have  been  reported  by 
Hammond  (1979).  In  addition,  rock  phosphate  application  was 
accompanied  by  a reduction  in  soil  exchangeable  Al  with  greater 
reductions  obtained  upon  addition  of  NCRP  than  with  URP.  Although 
URP  only  slightly  increased  soil  pH  and  decreased  soil  exchangeable 
Al , it  had  a marked  effect  on  soil  exchangeable  Ca.  Because  of  an 
increase  in  exchangeable  Ca  and/or  decrease  in  exchangeable  Al , the 
degree  of  Al  saturation  of  the  soil  was  decreased  by  both  rock 
phosphate  sources  with  the  effect  more  pronounced  with  NCRP  than 
with  URP  at  all  rates  of  P application.  The  results  thus  indicate 
the  self-liming  effects  of  rock  phosphates  and  that  these  effects 
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should  be  considered  when  rock  phosphates  such  as  NCRP  are  used 
for  direct  application. 

Rock  phosphates,  which  are  composed  of  apatite  minerals, 
vary  widely  in  their  reactivity  (Lehr,  1967),  and  in  their 
effectiveness  as  sources  of  P for  plants  (Khasawneh  and  Doll,  1978). 
Solubility  of  rock  phosphates  (Lehr  and  McClellan,  1972)  and  the 
nature  and  quantity  of  accessory  minerals  found  in  rock  phosphates 
(Chien  and  Black,  1976)  have  marked  influence  on  reactivity  and 
consequently,  on  the  suitability  for  direct  application.  The 
agronomic  potential  of  rock  phosphates  has  been  related  to  the 
P solubility  in  various  extractants;  with  neutral  ammonium  citrate 
( Engel stad  et  al . , 1974),  2%  citric  acid  (Armiger  and  Fried,  1957), 

and  Z%  formic  acid  (Hoffman  and  Mager,  1953).  Generally,  greater 

3-  2- 

isomorphic  substitution  of  P04  by  C03  group  in  the  apatite 
structure  of  a phosphate  rock  will  result  in  greater  reactivity 
(Lehr  and  McClellan,  1972).  Chemical  analysis  of  the  phosphate 
rock  indicated  that  besides  total  P,  citrate  soluble  P was  over 
four  times  higher  in  NCRP  than  in  URP,  which  is  of  relatively  poor 
solubility.  The  greater  content  of  accessory  minerals,  principally 
F,  Mg,  and  Na  also  indicate  greater  isomorphic  substitution  in  the 
apatite  structure  of  NCRP,  consequently  resulting  in  its  higher 
reactivity  (Lehr  and  McClellan,  1973). 

In  the  highly  P-deficient  soil,  both  inoculated  and 
uninoculated  plants  responded  to  P application  with  greater  responses 
at  higher  rates  of  P application.  In  addition,  growth  responses 
were  much  greater  with  NCRP  than  with  URP,  indicating  that  the 
type  of  P fertilizer  and  its  rate  of  application  have  a marked 
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influence  on  growth  of  corn.  The  results  also  indicate  that 
uneconomical^  higher  rates  of  URP  application  would  be  needed 
to  achieve  yields  comparable  to  those  of  NCRP.  Therefore,  URP 
by  itself  is  unlikely  to  be  a satisfactory  P fertilizer  since  its 
availability  is  relatively  low  to  support  vigorous  growth  of  a 
crop  such  as  corn. 

Results  also  indicate  marked  responses  to  inoculation  with 
VAMF.  With  inoculation,  comparable  and/or  higher  foliage  dry  weight 
production  could  be  achieved  at  lower  rates  of  P applied.  Where  P 
was  not  applied  in  such  highly  P-deficient  soil,  inoculation  with 
G.-  macrocarpum  resulted  in  no  observed  benefits.  Similarly,  Mosse 
et  al . (1976)  reported  that,  in  an  extremely  P-deficient  soil, 
inoculation  was  not  effective  in  increasing  nutrient  absorption  and 
consequently,  plant  growth.  However,  in  the  presence  of  P,  foliage 
tissue  growth  improvements  ranged  from  39%  in  crop  1 to  as  high  as 
143%  in  crop  2 with  VAMF  inoculation.  In  addition,  corn  growth 
stimulation  as  a result  of  inoculation  was  best  when  NCRP  was  the  P 
source  at  all  rates  of  P applied,  suggesting  that  mycorrhizal  corn 
was  better  able  to  utilize  P from  the  chemically  reactive  NCRP  than 
from  the  relatively  insoluble  URP.  Mycorrhizal  fungi  are  not  known 
to  solubilize  soil  P (Owusu-Bennoah  and  Wild,  1980).  Consequently, 
the  ability  of  VAMF  to  enhance  P uptake  and  plant  growth  will 
therefore  depend  on  the  solubility  of  a given  rock  phosphate  which 
influences  its  rate  of  dissolution  (Tinker,  1975b). 

Growth  stimulation  of  corn  inoculated  with  G^.  macrocarpum 
was  associated  with  increased  P absorption  and  resulted  in  greater 
P concentration  in  foliar  tissue.  In  general,  P uptake  followed  the 
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same  trend  as  foliage  dry  weight  and  continued  to  increase  over  the 
entire  fertilizer  range  with  greater  increases  with  NCRP  than  with 
URP.  It  has  generally  been  reported  that  growth  responses  and  P 
uptake  to  inoculation  with  VAMF  decreased  with  increasing  soil  P 
(Mosse,  1973b).  However,  results  of  this  experiment  indicate  an 
undiminished  mycorrhizal  growth  response  in  soil  given  as  high  as 
200  ppm  P,  suggesting  that  VAMF  can  utilize  rather  than  be  inhibited 
by  moderate  to  high  levels  of  rock  phosphate  fertilizers.  The  results 
confirm  reports  of  Powell  and  Daniel  (1978b)  and  Powell  et  al . (1980b) 
that  mycorrhizal  growth  responses  are  usually  unaffected  by  high 
levels  of  rock  phosphate  application. 

Despite  no  further  P application  nor  reinoculation,  the  growth 
benefits  from  inoculation  increased  with  further  cropping,  contrary 
to  the  findings  of  Powell  (1979b)  that  growth  responses  tended  to 
decrease  with  successive  harvests.  Foliage  growth  improvement  from 
inoculation  was  in  fact  larger  in  crop  2 than  in  crop  1,  with  increases 
of  as  high  as  143%  in  crop  2 as  compared  with  the  maximum  increase 
of  only  60%  in  crop  1 where  NCRP  was  the  P source.  Similarly,  Mosse 
et  al . (1976)  and  Powell  and  Daniel  (1978b)  concluded  that  in  soils 
fertilized  with  rock  phosphates,  the  effects  of  inoculation  persisted 
even  when  the  soil  was  used  a second  time. 

Results  from  experiment  II  indicate  that  reinoculation  of 
previously  inoculated  treatments  did  not  result  in  additional  benefits, 
suggesting  that  the  benefits  of  inoculation  with  VAMF  are  persistent 
and  long-lived.  Evidently,  the  possible  increase  in  spore  populations 
and  the  presence  of  a high  percentage  of  roots  colonized  by  VAMF 
from  previous  croppings  which  could  serve  as  potential  inoculum  units. 
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and  the  presence  of  adequate  P levels,  were  sufficient  to  sustain 
another  crop  of  corn.  However,  inoculation  of  previously  uninoculated 
treatment  resulted  in  a depression  in  growth.  Growth  depressions  with 
inoculation  have  occasionally  been  reported.  Such  reduction  in  growth 
has  been  attributed  to  P toxicity  (Mosse, 1973b) , temperature  effects 
(Furl an  and  Fortin,  1973)  or  to  the  demand  for  host's  photosynthate 
( Bethl enfal vay  et  al . , 1982a).  Buwalda  and  Goh  (1982)  suggested  that 
depletion  of  host  carbon  supply  is  probably  the  mechanism  by  which 
VAMF  depress  growth. 

Rock  phosphates  are  known  to  exhibit  residual  characteristics 
with  a tendency  to  release  P gradually  over  a period  of  time 
(Khasawneh  and  Doll,  1978).  The  results  of  these  studies  indicate 
that  the  residual  effect  is  more  pronounced  with  the  chemically 
reactive  NCRP  than  with  URP  in  both  inoculated  and  uninoculated 
treatments,  in  agreement  with  the  findings  of  Hammond  (1979)  that 
chemically  reactive  rock  phosphates  tend  to  exhibit  greater  residual 
characteristics. 

Inoculated  and  uninoculated  corn  roots  in  both  studies  were 
heavily  colonized  by  VAMF  with  no  suppression  of  MRC  evident  even 
at  the  high  rates  of  P application.  This  finding  was  in  contrast 
to  the  reports  of  Mosse  (1977)  and  Islam  et  al . (1980)  that  high 
rock  phosphate  additions  tend  to  inhibit  root  colonization  by  VAMF. 

With  further  croppings,  levels  of  MRC  either  by  the  indigenous  or 
introduced  VAMF  increased  markedly,  with  greater  increases  in 
inoculated  plants.  This  was  in  agreement  with  the  findings  of  Powell 
and  Daniel  (1978b)  that  levels  of  MRC  tend  to  increase  with 
successive  croppings.  The  results  indicate  the  ability  of  G.  macrocarpum 
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to  successfully  compete  with  the  relatively  ineffective  indigenous 
VAMF. 

Contrary  to  the  findings  of  Powell  et  al . (1980a)  and  Lambert 
et  al . (1979),  K,  Ca,  Mg,  and  Zn  concentrations  were  lower  in 
inoculated  plants  while  levels  of  Cu  were  higher  in  inoculated 
plants,  a result  in  agreement  with  the  findings  of  Ross  (1971).  This 
is  somewhat  reflected  by  the  negative  correlations  obtained  between 
soil  levels  of  K,  Mg,  and  Zn  and  total  foliage  yields  as  compared 
to  the  positive  correlation  between  soil  Cu  and  foliage  yields. 

The  germination  studies  indicate  that  chlamydospores  of 
G..  macrocarpum  germinated  in  the  untreated  soil  and  in  the  absence 
of  a host  even  at  high  levels  of  applied  P.  Over  an  extended  period 
of  time,  better  spore  germination  was  achieved.  Hepper  (1979)  also 
showed  that  spores  of  VAMF  germinated  readily  in  an  untreated  soil 
and  in  the  absence  of  host.  The  results  thus  suggest  that  reduced 
colonization  in  highly  fertilized  soil,  often  reported  in  the 
literature,  probably  results  from  the  failure  of  germinated  spores 
to  effectively  colonize  and  form  an  extensive  network  of  external 
mycelium  rather  than  from  inhibition  of  spore  germination.  In  addition, 
the  positive  correlations  between  spore  germination  and  MRC  and 
foliage  yields  also  indicate  that  the  G.  macrocarpum  inoculant  was 
well  established  in  corn  roots  and  able  to  form  an  effective  symbiosis 
with  the  host  plant. 

Greater  plant  growth  and  P uptake  in  inoculated  plants  were 
accompanied  by  greater  depletion  of  soil  P.  It  is  obvious  that 
inoculation  with  an  effective  VAMF  leads  to  impoverishment  of  soil 
fertility  after  successive  crops.  Such  greater  depletion  of  soil  P 
following  inoculation  has  also  been  reported  (Mosse  et  al . , 1976). 
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The  results  also  confirm  earlier  findings  (Owusu-Bennoah  and 
Wild,  1980)  that  VAMF  do  not  solubilize  P.  but  rather  improve  P 
nutrition  through  their  extensive  network  of  external  mycelium  which 
proliferates  abundantly  in  the  soil,  extending  beyond  the  P depletion 
zone  (Mosse  and  Hayman,  1980). 

The  data  on  soil  chemical  analysis  after  cropping  indicate 
that  both  Bray  1 and  Mehlich  II  extractants  extracted  comparable  P 
levels.  Available  P as  extracted  by  Bray  1 and  Mehlich  II  correlates 
the  best  with  total  foliage  yield,  with  poor  correlation  obtained  with 
Mehlich  I.  In  addition,  where  URP  was  applied  to  the  soil,  Mehlich  I 
tended  to  extract  P in  considerable  excess  as  compared  to  that 
extracted  by  Bray  1 and  Mehlich  II.  Barnes  and  Kamprath  (1975)  and 
Mehlich  (1978a)  also  reported  that  Mehlich  I extracted  excessive  P 
in  soils  recently  fertilized  with  rock  phosphate,  with  the  excessive 
extraction  presumably  resulting  from  acidulation  of  the  rock  phosphate 
during  the  extraction  process  (Yost  et  al . , 1982).  Data  of  Ayodele 
et  al . (1982)  also  indicate  that  both  Bray  1 and  Mehlich  II  extracted 
comparable  levels  of  P,  with  both  methods  positively  correlated  with 
yield.  The  greater  correlations  with  Bray  1 and  Mehlich  II  would  be 
expected  since,  in  such  moderately  acid  Dothan  soils,  a greater 
proportion  of  the  inorganic  P is  in  the  forms  of  Al-P  and  Fe-P 
(Hatzell  and  Blue,  1981).  Studies  by  Mehlich  (1978b)  indicated  that 
P uptake  and  plant  growth  were  highly  correlated  with  P extracted 
by  Mehlich  II  and  Bray  1 when  the  predominant  forms  of  P in  the  soil 
were  Al-P  and  Fe-P,  unlike  P extracted  by  Mehlich  I which  is  designed 
to  extract  more  of  Ca-P.  Similarly,  Hatzell  and  Blue  (1981)  working 
with  Dothan  soil,  concluded  that  Mehlich  II  extractant,  unlike 
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Mehlich  I,  provided  a better  index  with  A1-P  which  was  highly 
correlated  with  P content. 


GENERAL  CONCLUSIONS 


A series  of  greenhouse  experiments  were  conducted  to  determine 
the  response  of  corn  to  inoculation  with  vesicular-arbuscular 
mycorrhizal  fungi  ( VAMF)  in  an  untreated,  P-deficient  soil.  In  addition, 
to  supplement  the  data  obtained  from  the  greenhouse  experiments, 
chlamydospore  germination  tests  of  VAMF  were  also  carried  out.  Based 

t 

on  the  results  of  the  various  experiments,  the  following  conclusions 
were  drawn: 

(i)  Species  of  VAMF  differ  in  growth  response  promoting  potential. 

The  differences  observed  could  be  attributed  to  their  reactions  to 
soil  factors  such  as  exchangeable  A1 , P status  and  forms  of  P applied. 

Of  the  species  tested.  Glomus  macrocarpum  gave  the  best  growth 
response  with  the  potential  to  improve  corn  growth  even  in  the 
presence  of  indigenous  VAMF. 

(ii)  Soil  exchangeable  A1  had  a significant  inhibitory  influence  on 
the  germination  of  chlamydospores  of  VAMF  and  mycorrhizal  root 
colonization.  Consequently,  in  acid  soils,  to  achieve  maximum  benefits 
from  inoculation  with  VAMF,  adequate  lime  has  to  be  applied  prior  to 
any  inoculation  program. 

(iii)  Growth  responses  of  corn  to  inoculation  were  low  in  the  absence 
of  P fertilization  in  the  highly  P-deficient  soil.  The  type  of  P 
fertilizers  and  rate  of  application  had  a significant  influence  on 
the  response  of  corn  to  inoculation  with  VAMF.  Thus,  for  plants  to 
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respond  to  inoculation  with  VAMF,  proper  selection  of  the  type  of  P 
fertilizers  and  rates  to  be  applied,  has  to  be  made. 

(iv)  Reinoculation  of  previously  inoculated  soil  did  not  result  in 
any  additional  improvements  in  corn  growth  indicating  the  persistence 
of  the  inoculum  beyond  the  time  of  its  inoculation. 

(v)  In  the  rock  phosphate-fertilized  soil,  P levels  as  extracted  by 
Bray  1 and  Mehlich  II  correlated  better  with  foliage  dry  weight 
compared  to  Mehlich  I,  thus  indicating  the  need  to  select  a suitable 
P extractant. 
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Table  A-l.  Growth  response  and  mycorrhizal  root  colonization(MRC)  of  different  corn 
cultivars  as  affected  by  inoculation  with  different  Glomus  species  of 
vesicular-arbuscular  mycorrhizal  fungi(VAMF):  Repeat  experiment. 
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Means  of  8 replicates. 


Table  A-2. 


Influence  of  different  corn  cultivars  on  chi amydos pore 
germination  of  different  Glomus  species  of  vesicular- 
arbuscular  mycorrhizal  fungi (VAMF) : Repeat  experiment. 


Percent  germination 

VAMF 

Cultivar  G.  intraradices  G..  macrocarpum  (3.  mosseae 


Coker  16 

70.63 

68.12 

77.62 

McNair  508 

75.76 

70.84 

75.01 

McCurdy  67-14 

72.00 

72.36 

83.74 

Mean 

72.80 

70.44 

78.79 

Values  are  means  of  5 replicates. 
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Table  A-3.  Growth  response  and  mycorrhizal  root  colonization(MRC)  of 
corn  as  affected  by  liming  and  inoculation  with  different 
G1 omus  species  of  vesicular-arbuscular  mycorrhizal  fungi 
( VAMF) : Repeat  experiment. 


VAMF  inoculum 

* 

shoot 

dry  weight 

MRC* 

Indigenous 

g 

0.61 

0 meq/100  g 

% 

4.7 

G.  intraradices 

0.54 

6.2 

G.  macrocarpum 

0.54  • 

9.8 

G.  mosseae 

0.59 

6.9 

Mean 

0.57 

6.9 

Indigenous 

0.76 

1 meq/100  g 

6.3 

G.  intraradices 

0.65 

9.9 

G.  macrocarpum 

0.84 

11.9 

G.  mosseae 

0.72 

11.4 

Mean 

0.74 

9.9 

Indigenous 

0.92 

2 meq/100  g 

7.1 

G.  intraradices 

0.77 

19.3 

G.  macrocarpum 

0.97 

17.8 

G.  mosseae 

0.90 

14.5 

Mean 

0.89 

14.7 

Indigenous 

0.84 

3 meq/100  g 

9.3 

G.  intraradices 

0.75 

13.4 

G.  macrocarpum 

0.90 

18.0 

G.  mosseae 

0.88 

15.6 

Mean 

0.84 

14.1 

* Means  of  5 replicates. 
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Table  A-4.  Growth  response  and  mycorrhizal  root  colonization(MRC) 
of  corn  at  two  stages  of  growth  as  affected  by 
inoculation  with  different  Glomus  species  of  vesicular- 
arbuscular  mycorrhizal  fungi (VAMF) : Repeat  experiment. 


VAMF  inoculum 

★ 

shoot 

dry  weight 

MRC* 

g 

14  days 

% 

Indigenous 

0.47 

13.4 

G.  intraradices 

0.48 

25.3 

G.  macrocarpum 

0.50 

28.9 

G.  mosseae 

0.40 

35  days 

19.0 

Indigenous 

1.01 

17.9 

G.  intraradices 

2.63 

64.2 

G.  macrocarpum 

4.74 

63.2 

G.  mosseae 

3.62 

64.7 

* Means  of  6 replicates. 


Table  A-5.  Growth  response  of  corn  and  mycorrhizal  root  colonization 
(MRC)  as  affected  by  two  rock  phosphate  sources  applied  at 
different  rates  and  by  inoculation  with  Glomus 
macrocarpum.  Repeat  experiment. 
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200 


Table  A-6.  Effects  of  two  rock  phosphate  sources  applied  at  different  rates  on 
chi amydospore  germination  of  Glomus  macrocarpum:  Repeat  experiment. 
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